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MOJIBA

Monum Hayuno Behe MuctutyTa 3a dusuky y beorpamy aa nokpene Moj
pen300p y 3Bame HCTPAKMBAY CAPAJAHUK, A HA OCHOBY NPHJIOXKEHE
JIOKyMEHTaluje:

1. ITornucanu 3axTeB KaHAUIATA 3a MOKPETAhE MOCTYIKA.

2. Munubeme pyKoBOAMOLA NPOjeKTa ca MpeAsioroM KOMHUCH]e Koja
he nucaru ussemraj. Komucuja tpeba na ce cactoju o HajMame Tpu
YiaHa y HAyYHOM MJIM HaCTaBHOM 3Bamy, IpHU 4eMy Oap jelaH Huje
3anociied y HameM MHcTuTyTy, a 6ap nosioBUHa jecTe 3anocieHa Koj
Hac.

3. Kparka ctpyyna 6uorpacduja kanauaata (no 1 crpane).

4. Kparak nperieJ HaydyHe aKTUBHOCTH KaHaugara (1o 1 crpane).

5. Cnucak 00jaBJ/beHUX pajoBa M APYTHX IyOJIMKalMja, pa3BpCcTaH

no Baxxehum kateropujama npornucasum [IpaBUIHUKOM.

6. Konuje o6jaB/eeHUX pajoBa W Opyrux mybOiukanuja (Bepsuje H3
yaconuca, 300pHHKa arncTpakara, uTi. ).

7. IloTBpJa 0 ynMCaHUM JOKTOPCKUM CTyAHjama .

8. IToTBpaa o nmpoceKky Ha OCHOBHHM M MacTep CTyJadjaMa (Juruioma
WK YBEPEH:E O JIMIUIOMUpamy ), Koju Mopa 6utu Behu oz 8.

9. Ilorepaa o npuxsaheHoj TeMU TOKTOPCKe AUCEpTAlH]e.

Y beorpany, [Tonnocunay monGe
31.08.2018. roauHe ’j;ﬁu, i) }T/ oY (;/{ﬂz’?'
WBana jBbypummh




Hayuno Behe
HucTuryT 3a pusuky
Beorpan

Jatym:
Beorpap, 31. asrycr 2018. rox.

Ilpeamer:
Muunubeme pykoBoauona npojexra 3a pensoop Wsane Bypummh y 3same nerpaxnsay
capagHHK

MBana Bypuumh je nokropcke crynmje Ha ®usuukom dakynrery Yuusepsutera y Beorpamy
ymucana je 2008/2009. romune u on 1.0ktoGpa 2008. 3anociena je na UHcTHTYTY 33 Qusuky. V
nepuoy 2009. no 2010. roauxe Guna je anraxosana na mehynapomnom FP7 npojekty ,,Nano
Tools for Ultra Fast Dna Sequencing®. On janyapa 2011. roause anraxoBaHa je Ha npojeKTHMa
OCHOBHUX ucTpaxuBamwa OW171033 ,EnekTpoHcke, TpaHCNIOpTHE M ONTHYKE OCOGHMHE
HAaHODA3HUX MarepHjaia“ W MHTEpPAMCUMIUTMHAPHHX WcTpaxBaa UWMW41028 , Wnrerpanna
CTyAuja MeHTH(HKALKje PErHOHATHAX reHeTCKUX (paKTopa pusuKa M (akTopa pH3HKa KUBOTHE
CpeiuHe 3a MacoBHe HesapasHe Gonectw Xxymane nomynauuje y Cp6uju* Munucrapctpa
NpOoCBETE, HAYKE U TEXHOJIOIIKOI pa3Boja.

Pesynratu jocajamiser ucTpaXuBaukor paga kojerunuue Bypummh myGmukoamu cy y
Bozehem mehynapomnom wacomucy. Jlo caja MOCTHTHYTH Pe3yNTaTH KOJErHHHULE Bypunnh
ToKasyjy Ja Toceyje KBAIMTETE HEONXOIHE 3a GaB/bere HAayYHO-MCTPAKMBAuYKMUM pajoMm. C
003MpOM Jia KOJNIErHHHUA MCMyHaBa CBE KpHTEpHjyMe rpornucaHe oA crpaHe MuHHCTapcTBa
TNPOCBETE, HAYKE W TEXHOJIOLIKOI pa3Boja carjlacad caM C NOKpeTambeM TMOoCTynKa 3a penstop
HUsane HBypuimh y 3ame HCTpaxkHBay capaJHuK.

3a cacras Komucuje 3a pens6op Msane Bypuimh y 3same ucTpakuBay capaHuK npejiiaxeM:

1. ap Panomup XKukuh, nayunn caBetnuk UHCTUTYT 32 pu3HKY, beorpan

2. ap Munom [paxuh nayunn capaguuk, UHcTuTyT 32 Qusuky, beorpan

3. ap XKemwko IllbuBaHuanun, Haydnu caBeTHWK, MHCTMTYT 3a HykieapHe Hayke BuHua,
Beorpan
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CTPYYHA BUOTPA®UIA

Oo6pa3oBame:

WBana Bypummh je pohena 30. arycra 1980. rogune y bepanama, PenyOnuka IlpHa
I'opa, rae je 3aBpmmna OcHoBHY mKoay U [ MMHAa3H]jy.

VYnucana je crynuje ¢usuke Ha [Ipupogno maremarnykoM (akynTery, Y HUBEp3HUTETa y
[Moxaropumu mkosicke 1999/2000. roauHe, e je 3aBpIIdIa IPBY FOAUHY CTY/H]a.

Jpyry roguny cTyauja ynucana je Ha @usnukom Qakynrery, YHuBepsurera y beorpany
mkosicke 2000/2001. rogune, cmep Teopujcka u excnepuMeHTadHa ¢usuka. JJumommupana je
2005. ronMHe W CTEKJIa 3Bamke AUIUIOMUpAHU (U3MYap ca MpocedHoM oieHoM 9.07 y Toky
cryauja. JlumnomMcku paa moj HazuBoM ,,(DOTOHCKM KpHUCTalu y MHUKPOTAJaCHOM MOAPY4]jy*
ypaauna je Ha MHcTHTHTY 32 (U3KKY Toa MeHTOpcTBOM 1p Pagomupa JKukwuha.

Kao cryment wmarumcrapckux cruauja y mepuomy ox 2005-2008. romune Owmina je
cruneHancTa MuHICTapCTBa 38 HAYKY U 3aIlITUTY KUBOTHE cpeaune Peny6imke Cpouje

JlokTopcke crymuje ynucana je mkosicke 2008/2009. ronune Ha ®usuukoM GaxyireTy,
VYuusepsutera y beorpany u3 o6ixactu KBantaa, Mmaremarnyka u HaHO(U3HKA

PaaHo uckycrBO:

On 2005-2008. roauHe Ouna je aHra)xoBaHa Ha IPOJEeKTY OCHOBHUX HCTPaKHMBamba
141029A ,, JluramMuKa aTOMCKHX, MOJIEKYJICKHX W ME30CKOIICKHX CHUCTeMa' peaJln30BaHOM Ha
Wuctutyty 3a ¢pusuky nox pykosoactsom ap Tacka I'poznanoBa. On 1. okto6pa 2008. ronune
3aIocIIeHa je Kao UCTPakKiBay MPUIIPaBHUK.

On 2009-2010. romuue Ouia je aHrakoBaHa Ha MehyHapomHoMm mpojekty FP7-NMP
,,Nano Tools for Ultra Fast DNA Sequencing” o pykoBojactBoMm jap Pamomupa JKukuha.

On jamyapa 2010. anraxoBaHa j€ HA NPOjEeKTYy OCHOBHHMX HcTpakuBama 171033
,,EJIEKTPOHCKE, TPAHCIOPTHE M ONTHUYKE OCOOMHE HaHO(Ma3HUX MaTepHjana’ pean30BaHOM Ha
Wuctutyry 3a ¢usuky mnox pykoBoiacTBoM aAp Pamomupa Kuxkha u  Ha mpojekty
WHTePAUCIUIUTMHAPHUX  ucTpaxuBama 41028 | UaTterpamna cryauja uAeHTHUKAIH]E
pPETMOHAIHUX T€HeTCKUX (pakTopa pu3uKa U (pakTopa puU3MKa KMBOTHE CpeIUHE Ha He3apa3zHe
6osectu Jpyncke nonynamuje y Cpouju”.



Haqua AKTUBHOCT KaHAUJIAaTa

Obnact ucrpaxupama MBane Dypummh je ¢pusnka KOHAEH30BAaHOT CTamba Marepuje,
noceOHO  007acT  KBAaHTHOT  €JIEKTPOHCKOI  TPAHCIOPTAa KPO3  HAHOCTPYKTYpE Y
HEPABHOTEKHOM PEXKUMY. Y panay KOPHCTH HyMEpUYKe METoie Koje ce ociamajy Ha DFT
(density functional theory) komoBuma y3 kopumihieme (opMann3Ma HEPABHOTCKHUX
I'punoBux ¢yukimuja (NEGF- non-equilibrium Green’s function).

OcCHOBHM CHUCTEMH KOjU cy y (POKyCy UCTpakuBama U paja Ha JIOKTOPCKO] TE€3U CY
DNA nykneotunu usmel)y 1Be enekTpojae Ha 3amaTtoMm Hamony. [Iponahene cy paszmmke y
TPaHCHOPTHUM KapaKTepUCTHKama (TpaHCMHUCHja, cTpyja TyHenupawa, nonoxaju HOMO un
LUMO eneprerckux HuBoa..) Kpo3 mojenuHe DNA Hykieotuzae, mrTo omoryhaBa HHXOBO
JaKiIe mperno3HaBame. Teopuja ¢ynknuonana rycrune (DFT) je ab initio meTon u naje
EJIEKTPOHCKY TYCTHHY M YKYIIHY €HEprujy cucTeMa KopuTehu ampoKCHMaTHBHH OOJUK
M3MEHCKO KopenanuoHor (pyHkunonana kao mro cy B3LYP (Becke, 3-parameter, Lee-Yang-
Parr approximation), LDA (local-density approximation) uwiu GGA (generalized gradient
approximation) momohy mporpamckux makera Siesta, TranSIESTA, TBTrans u NWChem
KOJU, TECTHpPAaHU Ha CHUCTEeMHUMa ca BEIUKUM OpojeM aToma, [ajy OJUIMYHE paszyiTare y
BEIMKOM Opojy npumena. Taxole, n3yuyaBane cy ocOOMHE OBaKBHUX CHUCTEMA Y 3aBUCHOCTH O]1
OpHU]jEeHTaIlMje HYKJICOTHIAa Yy OJHOCY Ha EJNEKTPOJEe 3a KOje je MPEMIOKEH MPOTOKOI
CEKBEHIIMPambAa.

Y CcBOM panay JOKTOPAaHT je€ HMCIUTHUBAO M EIEeKTPOHCKE W BUOpAIIMOHE OCOOWHE
oprarckux moisekyna TPD (N,N'-bis(3-methylphenyl)-N,N'-bis(phenyl)benzedine) u DPVBI
(4,4'-Bis(2,2-diphenylvinyl)-1,1'-biphenyl) 1 BUXOBHX OKCHIOBAaHUX BPCTa, Takohe y OKBUPY
Teopuje (pyHkumonana rycrune. ITokaszao je ma ce pesynratu 3a TPD u DPVBI monekysie
Koju cy nmobujenu momohy DFT dopmanm3ma Beoma 100po claxy ca €KCHEPUMEHTATHUM
ONTUYKUM (PEHOMEHUMa KOjU C€ yOodaBajy Yy CJIOjeBUMa YHMCTUX W OKcHJoBaHuX [PD wu
DPVBI ¢uamosa. Teopujcku 100HjeHH pe3y/ITaTH 3a BHOpAIMOHE CIIEKTPE ce J00pO Claxy
ca FHUXOBHUM EKCIEpUMEHTATHUM HH(QpanpBeHNM CIeKTpuMa. Takohe pasmaTpaHo je
noHamame y rpadeHy ycimen Oymiema maTepwjana moMohy 3maTHor Tuma. Teopujcku
pe3yaTaTH Ccy TmoKa3aiu jJa he ce pa3nuyuT Je(eKTH M0jaBUTH 3aBUCHO OJ1 MeCTa OyIiema y
O6eHTeHOBOM mpcTeHy. Takohe pasnuke he ce younTtu 3a pa3nuuure oOJIMKe THUIA. YBEICH je
konient SPM (scanning probe microscopy) ca Tumnom koju potupa kao MmoryhHoct 3a Oynyhe
eKCIIepUMEHTE Y OBOj 00JIaCTH.

WBana Bypummh je mokazana BUCOK CTENEH CaMOCTATHOCTH Y UCTPAKMBAYKOM paay.
Pesynrtatu cy myOamKkoBaHM y TP pajia, 1Ba pajaa y Mel)yHapoHUM 4acoONMCHUMa KaTeropuje
M21 u jenan pax y nomahem gaconmcy kareropuje M51.
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ABSTRACT

The photoluminescence (PL) quenching mechanism of UV light and air-exposed amorphous thin films of
4,4'-bis(2,2-diphenylvinyl)-1,1’-biphenyl (DPVBi), a well-known hole-transport material used in organic
light-emitting diodes, is studied. Thin films of DPVBIi are stable when exposed to UV light in vacuum but
tend to degrade if oxygen is present simultaneously. This is evident from the changes in UV-vis
absorption spectra of the latter, showing that degradation rate of DPVBi films is linearly proportional to
both oxygen concentration and UV light intensity. Mass spectrometry study of such films revealed a
number of different oxygen-containing molecules and fragments of DPVBi thus confirming apparent
photo-oxidation process. Also, DFT study of molecular DPVBi with and without oxygen was carried out,
the IR spectra calculated for the lowest energy molecules found and the results are compared with the
experiment. The most sensitive to photo-oxidation is DPVBi photoluminescence, which decays expo-
nentially with respect to the concentration of photo-oxidized DPVBi molecules (impurities). The PL
quantum yield of DPVBIi thin film drops to a half of its original value for 0.2% of the impurities present, at
which point an average distance between DPVBi molecules (the donors) and photo-oxidized DPVBi
species (acceptors) is an order of magnitude larger than the separation between two adjacent molecules.
This implies a need for a long-range Forster energy transfer, which we rule out based on the lack of a
donor-acceptor spectral overlap. The apparent discrepancy can be removed by postulating exciton self-
diffusion in DPVBI thin films, for which there is supporting evidence in existing literature.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

with oxygen [4,8-13]. This interaction results in newly formed
species — the impurities hereafter - which can significantly affect

It is known that organic materials degrade easily when light,
moisture and/or oxygen are present simultaneously [1-5]; this is
the reason for which organic electronic devices such as organic
light emitting diodes (OLEDs) need to be encapsulated. Most of the
studies regarding the device degradation are related to the
operational degradation, i.e. film material is not studied alone but
as an integral part of a working device [6,7]. Learning about
degradation pathway of a single component and about its dur-
ability can help differentiate between various materials and
unwanted processes that can occur during operation of a device.

Simultaneous presence of air and light may lead to degradation
of organic thin films by interaction of the photo-excited molecules

* Corresponding author. Tel./fax: +381 11 269 1 773.
E-mail address: vladimir.jovanovic@imsi.bg.ac.rs (V.P. Jovanovic).

http://dx.doi.org/10.1016/j.jlumin.2015.06.036
0022-2313/© 2015 Elsevier B.V. All rights reserved.

various film properties such as exciton diffusion length, lumines-
cence, thermal (morphological) stability, etc. In favorable cases,
like in anthracene-tetracene mixed crystals, the sensitized fluor-
escence measurements can detect impurity concentrations as low
as one impurity molecule per ten billion host molecules [14]. This
is possible because excited electronic states, i.e. the excitons in
some molecular solids can diffuse during their radiative lifetime to
reach quenching site at the distances which are comparable to the
exciton diffusion length [15]. The understanding of the behavior
under the influence of impurities may lead to technological pro-
gress that could extend the lifetime of organic electronic devices.

We study steady-state photoluminescence (PL) of amorphous
films of 4,4’-bis(2,2-diphenylvinyl)-1,1’-biphenyl (DPVBi), an effi-
cient blue emitter commonly used in the production of blue and
white OLEDs (either in emissive or transporting layers) [16-19],
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under influence of external conditions. Electroluminescent devices
with blue emitters are particularly prompt to photodegradation in
the presence of oxygen because of the high photon energy that can
trigger photo-oxidation. Simultaneous exposure to UV light and
oxygen introduces photo-oxidized molecules (the impurities) in
the DPVBI films, leading to an efficient quenching of the steady-
state PL with very low concentration of the impurities. This study
offers a new insight into degradation mechanism of thin films of
DPVBI, while other studies concerning this material [7,20] deal
with operational degradation of OLEDs which contain thin film of
DPVBI as a hole-transport layer.

Similar behavior of PL was previously noticed in our study of
morphological stabilization of amorphous films by UV light of N,N
'-bis(3-methylphenyl)-N,N’-bis(phenyl)benzidine (TPD), another
well-known OLED material [21], and by other authors before us
[22,23]. DPVBIi and TPD have similar characteristics like molecular
structure, UV-vis absorbance [24,25]| and glass transition tem-
peratures [26,27], but changes under UV light and oxygen are
faster in DPVBI, what makes it easier to study.

In this work measurements of absorbance and PL of amorphous
DPVBIi films as function of time of exposure to UV light in vacuum,
air and nitrogen and at different oxygen pressures were per-
formed. Infrared and mass spectra of films before and after the
exposure were also measured. Density functional theory (DFT) is
applied to DPVBi and to some of its oxygenated derivative mole-
cules and compared with measurements to get insight into the
nature of induced impurities.

2. Experimental details
2.1. Sample preparation

Amorphous thin films of DPVBi (American Dye Source, 98%
purity) were evaporated in high vacuum with 5x 10-4Pa of
background pressure, using the Knudsen effusion cells with 3 mm
pinhole. The temperature of evaporator was kept at 210 °C pow-
ered by Sorensen DCS8-125E and regulated by an active feedback
loop. A typical deposition lasts for 15 min and produces films with
thickness of about 200 nm. Film thickness d was determined from
absorption measurements using the value of DPVBi absorption
coefficient 1.07 x 10° cm~! at 355 nm [25]. Films were deposited
on substrates such as fused silica, a boron-silicate glass and KBr
(Sigma Aldrich). Prior to deposition, substrates were cleaned with
a detergent soap, sonicated in isopropanol and then in ultrapure
water (Milli-Q 18.2 MQ cm at 25 °C) and dried in a nitrogen flow.
KBr substrate was used as received.

2.2. Irradiation

Films were exposed to UV light obtained from a 350 nm UV LED
with maximum power density I[i%*=3 mW cm ™2, as measured by
a Solar Light Co. PMA 2110 UVA sensor.

2.3. UV-vis spectroscopy

Changes in absorption spectrum of DPVBI films on fused silica
substrates irradiated with Iy =0.4 mW cm~2 were measured by
single beam Beckman Colter DU 700 spectrophotometer.

2.4. Photoluminescence and rate measurements

The same UV LED was used to excite PL spectra and to follow
rates of change in PL and absorbance at 355 nm. In air PL spectra
and the rates for absorbance at 355 nm were measured at the
same spot on a film using Princeton Instruments Acton SP2500

spectrometer coupled with Pixis 100 CCD detector. In order to
study rates of changes of absorbance and PL in different atmo-
spheres (air, oxygen, nitrogen and vacuum), a setup was built
which allowed measurements on the samples directly in the
evaporation chamber.

2.5. Infrared spectroscopy

Infrared (IR) measurements were performed using Nicolet iN10
infrared microscope with a cooled detector, 300 pm x 300 pm
sampling area, 256 scans and resolution of 4 cm ™! on pristine and
irradiated (one hour of exposure to Iyy=1mW cm~2) 400 nm
thick DPVBI films deposited on KBr substrates.

2.6. Mass spectroscopy

Laser desorption ionization mass spectroscopy (LDI MS) was
performed using the commercial matrix-assisted laser desorption
and ionization time-of-flight Voyager Biospectrometry DE Pro
Workstation (Perseptive Biosystems, USA) on pristine and irra-
diated films deposited directly onto metallic sample holder (well
plate) of the spectrometer. As DPVBi absorbs at the wavelength of
the laser, matrix was not used. The pressure inside the workstation
was kept at few 105 Pa so the laser, emitting at 337 nm, could not
produce photo-oxidation of DPVBi films. The polarization was
positive and laser intensity was 2000 with 330 shots. Another
method of MS, using Waters Acquity Tandem Quadrupole Detector
with atmospheric solids analysis probe (ASAP) set to detect posi-
tive ions, was performed to compare results with LDI MS. All data
were obtained and processed using the MassLynx 4.1 software.
ASAP technique enables ionization of non-polar compounds and is
particularly convenient for our study as materials need not to be
dissolved. Sample preparation is simple: material is scratched
from the film with a clean capillary, which is immediately after-
wards inserted in the chamber of the spectrometer. The polariza-
tion was positive, source temperature was at 150 °C, capillary
temperature at 400 °C, corona and cone voltages were 3 keV and
20V, respectively. Results form MLADI-TOF MS are in agreement
with results from ASAP MS.

2.7. Theoretical calculations

We have carried out DFT modeling of molecular DPVBIi and its
possible photo-oxidation products with 0, 1 and 2 oxygen atoms
attached, at B3LYP up to 6-311 + +G** level of theory using NwcHEmM
[28]. For each of them, we searched for the lowest-energy con-
formers (CFs, including the varying of the O-binding sites), con-
sidering in total about 300 geometries. The IR spectra were cal-
culated for the lowest-energy CFs found and the obtained results
compared with the experiment. For DPVBi molecule exactly four
CFs were found with relative ground-state energies within only
1 kJ/mol. The absorption properties of the four CFs are barely
distinguishable, since the frontier orbitals lie on the central two
rings near attached carbons and are essentially not affected by the
orientation of the outer rings by which the CF geometries differ.

3. Results and discussion

Photoluminescence intensity of DPVBi films exposed to UV
light in air falls exponentially with time. Upon prolonged expo-
sure, their UV-vis absorption spectra change, indicating a chemi-
cal alteration of film composition. Furthermore, when the partial
pressure of oxygen is increased, these changes become faster. If, on
the contrary, the films are exposed to UV light in vacuum, neither
their PL nor absorbance would change with the time of exposure
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Fig. 1. LDI mass spectra, without any matrix, recorded in the positive ion mode, of
pristine (bottom curve) and UV irradiated (top curve) films normalized to their
intensity Is;; at Mppyi=511 g/mol, the mass of DPVBi and offset by 0.1 for clarity.
The inset shows the group of masses M > Mppyp; obtained by ASAP MS of UV
irradiated film.

(on the timescale and under UV illumination conditions of
experiments presented here). Thus, the simultaneous presence of
UV light and oxygen is needed for the degradation of DPVBi films.

3.1. Photo-oxidation of DPVBi films

In order to investigate photo-chemical changes of DPVBi film
composition upon its simultaneous exposure to UV light and air, a
comparison of mass spectra of pristine and exposed films was
performed (Fig. 1). Mass spectra of DPVBI pristine thin films show
dominant peak at Mppyp;=510.6 g/mol, which corresponds to the
mass of DPVBi molecule. Besides this, other smaller masses can be
observed, which are attributed to fragments of DPVBIi induced by
MS technique. Irradiated samples show the presence of numerous
new species - impurities (indicated by arrows), which can be
divided into two groups. One group, with M > Mppyp; (solid
arrows), is presumed to consist of oxygenated DPVBi molecules.
These masses seem to follow a pattern:
Myy,=Mppygi+XAM; +yAM,+zAMs;, where My, is the mass of
new species and x, y and z may take integer values 0, 1, 2 or 3
(inset of Fig. 1). Masses AM;=14 g/mol, AM,=15 g/mol and
AM3=16 g/mol correspond to the molecule gaining one oxygen
atom and losing two, one or zero hydrogen atoms, respectively.
The loss of two H atoms implies that O atom formed a bridge
between two C atoms. If one H atom is lost, then it is expected that
O forms a double bond with C and, finally, if no H atom is lost, it is
plausible that —OH group is attached to C atom. The other group,
with M < Mppyg; (dotted arrows), is supposed to consist of mole-
cular fragments of oxygenated DPVBi (fragments of impurities
with M > Mppyp;, induced by MS technique) and/or of photo-oxi-
dation products. Results of MS suggest that the photo-oxidation of
DPVBi happens when films are exposed to air and UV light.

The presence of dimers of DPVBi was not detected in irradiated
samples. Relative intensity of peaks in mass spectra does not
necessarily reflect relative number of different molecules present
in a film, as different species do not necessarily have the same
ionization cross section. Thus, it is not possible to deduce which
type of impurity is predominant.

Further evidence for photo-oxidation is provided by infrared
spectroscopy. The measured IR spectra of pristine and irradiated
DPVBI film are shown in Fig. 2. In the case of the irradiated sample
new broad features can be observed in the regions around 1250,
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Fig. 2. IR spectra of DPVBI pristine film (bottom curve) and film irradiated for one
hour with Iyy=1 mW cm~2 (top curve). Spectra are offset 1 a.u. for clarity.

1700 and 3300 cm~'. The new features have large width as a
consequence of a superposition of a large number of characteristic
vibrational frequencies with slightly different eigenvalues and by
inhomogeneous broadening in the amorphous medium of DPVBi
film. IR spectra are in agreement with results obtained from MS:
we assume that the feature around 1700 cm~! belongs to C=0
bond (AMs), while the one around 1250 cm ™! can be ascribed to
C-0 bond (AMj, if O bound to two C atoms or AM3). Broad feature
around 3300 cm~! could be explained by the presence of ~OH
groups (AMs), possibly participating in hydrogen bonding [29].
While MS shows the presence of new masses which correspond to
formation of hydroxyl groups, IR spectra do not show pronounced
—-OH peak.

To give support to conclusions drawn in the previous para-
graph, theoretical DFT molecular vibrational spectra were calcu-
lated for some possible photo-induced impurities. Comparison of
the pristine DPVBi IR spectrum with the DFT result, given in
Fig. 3a, shows that theoretical molecular spectra can well describe
the experimental ones. The lower band properties
(600-1600 cm™!) are in a good agreement with the experiment.
The upper band (~3000 cm™!) shows a red-shift relative to the
measured spectra, but it is difficult to discern whether the differ-
ence is a systematic error of DFT or a genuine difference between
the molecular and thin film DPVBi spectra.

In Fig. 3b experimental IR spectrum of illuminated film is
compared with DFT molecular spectra of oxidized DPVBI, calcu-
lated at B3LYP/6-311+ +G** level, for the lowest energy CFs found.
There are three important conclusions to be drawn from the
comparison: (a) numerous lines found by DFT fall in the region of
1250 cm~! feature, many of them belonging to C-O bond, while
only few of them belong to pure DPVBi molecule; (b) the feature
about 1700 cm~! consists of two nearby broad peaks and DFT
results suggest that these cannot belong to a molecular pristine
DPVBi since there are no vibrations in its spectra between
1600 cm~! and 2900 cm~! (see Fig. 3a). In contradistinction,
molecule with two O attached to a phenyl ring has an in-plane
stretching of the C=0 vibration at 1690 cm~' (denoted M1¢ 4, in
Fig. 3b). The lowest energy My o found has an in-plane oscillation
of the C=0 bond at 1730 cm !, in a very good agreement with the
frequency of the second peak of the feature (both calculated at
B3LYP/6-311+ +G** level); and, (c) DFT results for IR spectra of the
molecular DPVBi with one or two hydroxyl groups (Mpo; and
Mo, >) give strong peaks around 3590 cm ™! corresponding to an -
OH stretching mode. Since there are no strong peaks above
3100 cm~ ! in the measurement, we conclude that the noncovalent
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Fig. 3. (a) Comparison of experimentally measured IR spectrum of unexposed
DPVBi film (continuous line) and the molecular DPVBi IR spectrum calculated at
B3LYP/6-311 + +G** level (dots and vertical lines) in semi-log plot. In the inset is
the image of DPVBi molecule. (b) Comparison of experimentally measured IR
spectrum of exposed DPVBI film (dotted line) and the molecular IR spectra (vertical
lines) calculated at B3LYP/6-311+ +G** level for DPVBi (squares) and several
possible photo-oxidation products (their structure is given in the lower panel)
denoted by Mo (circles), Moo (upward triangles), Mp» o (downward triangles)
and M1g20 (diamonds). Oxygen atoms are indicated as red. Arrows indicate the
regions of broad features around 1250 and 1700 cm~!, which appear only in
exposed films (see Fig. 2). Intensities (y-axis) in both (a) and (b) are in arbitrary
units, while x-axis shows the wavenumber in cm~'. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

interactions between new species and surrounding molecules
strongly damp and broaden vibrations of ~OH group.

From the MS and IR spectra one sees that new species are
photo-oxidized DPVBi molecules or its fragments with one, two
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Fig. 4. (a) Absorbance A vs. 4 as a function of irradiation time t=0, 1, 2, 3, 4, 4.7, 5.7,
6.7, 7.7 and 9.7 h, where A decreases monotonically with t. Inset in (a) shows plot of
absorbance A at A=355 nm normalized to its initial value Aq as a function of t and
linear fit that defines the rate R of change of absorbance. (b) Photoluminescence Ip,
normalized to the value Ip;o at =458 nm and t=0s, vs. 4 plotted for t=0, 15, 30,
45, 60, 75, 90, 135, 180, 270, 360 and 450 s, where Ip,[Ip;o decreases monotonically
with t. Inset of (b) shows Ip [Ip;o at 458 nm normalized to its initial value as function
of t. In both measurements 190 nm thick DPVBi films were irradiated in air with
Iyy=0.4 mW cm 2,

and even three oxygen atoms added, which can be singly or
doubly bound to C atoms of DPVBi.

Fig. 4a shows absorption spectra as a function of wavelength 4
after different times of irradiation in air of 190 nm thick DPVBi film
deposited onto fused silica substrate and irradiated with
Iyy=0.4 mW cm~2. Pristine film (no irradiation) shows two
absorption bands at 242 and 355 nm, corresponding to two lowest
excited electronic states. The energy gap is (3.0+0.1)eV, esti-
mated from the long-wavelength absorption edge [30], in a good
agreement with our TD-B3LYP/6-311+ +G** result for the first
excitation of DPVBI in the lowest vibrational state being at 3.14 eV.
Irradiation with UV light induces gradual disappearance of both
bands and emergence of new peak around 255 nm, reflecting a
gradual chemical change in film composition (degradation of
DPVBIi) and a formation of photo-oxidized products of DPVBi. The
percent of change in the value of absorbance A at A=355 nm is
assumed to be roughly the same as the percent of impurities
present in a film. To track this change, A taken at 355 nm, nor-
malized to its initial value Aq at time t=0, is plotted in the inset of
Fig. 4a as a function of irradiation time t. The decrease in nor-
malized absorbance A/Ap is close to linear at the beginning and
then gradually slows down. Nonlinear part of the curve can be a
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Fig. 5. (a) Photoluminescence Ip;/Ip;o at 458 nm vs. t of 190 nm thick DPVBi films
obtained for different intensities of UV light. Inset shows t/; as a function of Iyy/
I and a fit tl,Z:ClUV’”" that gives n=(1.08 + 0.06). (b) The product of Rty as a
function of normalized UV light intensity Iyy/I[i*.

consequence of change in degradation process dynamics due to a
significant loss of DPVBi material (around 60%). From the linear
part the rate R of change of normalized absorbance A/Ag is defined
by A/Ao=1—Rt/100 (the inset of Fig. 4a and for the film from Fig. 4
it is around 0.22%/min.

Effects which degradation in air has on the photoluminescence
(PL) are shown in Fig. 4b as a series of spectra of a 190 nm thick
film irradiated with UV intensity I;y=0.4 mW cm 2 as function of
irradiation time t. Irradiation induces no new bands in PL spec-
trum. Inset in Fig. 4b shows that PL intensity Ip, at A=458 nm,
normalized to its value Ipq at t=0, has a quick, exponential decay
with t. Time necessary for PL intensity to drop to half of its initial
value - half lifetime t;, is 45 s. During that time, according to the
value of R, absorbance changed only for a little less than 0.2%,
pointing to some non-trivial mechanism of PL quenching.

The influence of different UV light intensities on the sample
degradation in air was also studied: the rate R and time evolution
of Ip/Ip;o at 458 nm were measured as function of Iy, for 190 nm
thick film. Photoluminescence Ip; has exponential decay which is
faster for larger Iyy (Fig. 3a), while the rate R is proportional to Iyy.
In the inset of Fig. 3a, t;» was plotted versus Iyy/I{i/*, along with
the fit to the relation t1/2=CIUV*”” used for OLEDs [7]; C is a
constant and n is so-called acceleration parameter, whose value is
(1.08 + 0.06). This means that t;, is, to a good approximation,
inversely proportional to Iyy. The product of R and t;,, which is
the percentage of changed absorbance or DPVBi molecules that
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Fig. 6. (a) Photoluminescence Ip;/Ip;o at 458 nm and (b) absorbance A/Aq at 355 nm
vs. t of 190 nm thick DPVBi films irradiated with I/} recorded in vacuum (10~* Pa,
open downward triangles), nitrogen at 100 kPa (open upward triangles), different
oxygen pressures (solid symbols) and air at 100 kPa (solid stars). In (a) top x-axis (in
minutes) refers to measurements in vacuum and nitrogen (open symbols and
indicated by arrow), while bottom x-axis (in seconds) refers to measurements in
different oxygen pressures and air. Curves obtained in air and at oxygen pressure of
24 kPa have similar rates due to the fact that the partial pressure of oxygen in air is
around 20 kPa.

leads to 50% decay of PL, should be then approximately indepen-
dent of Iy, as R~Iyy. This is shown in Fig. 3b where the product
Rty)» stays approximately constant and less than 0.2% when Iyy
varies. Eventual dependence of Rt;;; on Iyy would indicate that
dynamics of formation of impurities is not the same for different
UV light intensities Fig. 5.

Photoluminescence spectra of DPVBi films in high vacuum
(5 x 10~*Pa) and nitrogen atmosphere (Fig. 6a) show no change
even for irradiation times of 15 min with I{*. Under the same
conditions, the rate R of change of absorbance is zero (Fig. 6b).
Thus, under the conditions and on the time scale of our experi-
ments, no change in film composition can be induced by UV light
in vacuum. Likewise, PL does not change when films are exposed
only to air: PL of DPVBI film was first measured in situ in vacuum
(briefly exposed only to UV light), then the film was exposed only to
air (no UV light) so that oxygen enters the film [12,13] and, finally,
brought back to low vacuum (few Pa), where PL was recorded once
again (the two measured values of PL were the same). An impli-
cation, for practical purposes, would be that even the low vacuum
is sufficient for extraction of oxygen from amorphous DPVBi films
of thickness of order of 200 nm. Additionally, both rates of change
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Fig. 7. Normalized PL intensity Ip;/Ip;o at 458 nm vs. t of a film exposed to
Iyy=0.45 mW cm2in air followed by a quick evacuation of air to a few Pa. Then the
measurement was paused and film kept in vacuum with UV light off. After 50 min
few PL measurements were taken in given conditions.

of absorbance and PL increase with the increase of oxygen pres-
sure as shown in Fig. 6. These considerations imply that the
simultaneous presence of oxygen and UV light is necessary for
degradation of DPVBi films and that the excited DPVBi molecules
interact with oxygen to produce impurities.

In general, there are two possible pathways for chemical
reaction of DPVBi and oxygen, both typical for such compounds
[8,31]. In one of them excited singlet molecule gives an electron to
ground-state oxygen molecule to form radical cation and the
superoxide anion, which can further react chemically to form new
species [31]. In the other, host molecule in excited triplet state acts
as a sensitizer and transfers its energy to ground-state triplet
oxygen to form singlet oxygen and ground-state host molecule
[31]. The energy needed for singlet oxygen formation is 0.97 eV.
The first excited triplet state of DPVBI, according to our TD-B3LYP/
6-311+ +G** calculation, is 2.19 eV, which is in a good agreement
with experimental value of 2 eV obtained for spiro-DPVBi [32].
This energy is sufficient for singlet oxygen formation in our films.
Singlet oxygen is very reactive and may further interact with other
DPVBi molecules to form photo-oxidized species. We find by DFT
that DPVBI can form a bound state with singlet oxygen, with the
binding energy of 0.17 eV, but could not find any bound state in
the triplet case.

3.2. The mechanism of photoluminescence quenching by induced
impurities

Oxygen is a well-known PL quencher [12,13]. However, we find
no evidence for direct collisional quenching with oxygen. If this
type of quenching was present, PL intensity would be (partially)
reversible after removal of oxygen from the film. In the following
experiment it was demonstrated that PL is not reversible (Fig. 7):
first a film was UV-degraded in air for about t;,, then the air was
evacuated to the pressure of few Pa in a few seconds and the film
kept in vacuum for 50 min in dark. After 50 min several mea-
surements of PL were carried out, which show that its value
remained the same as the one at the end of the degradation in air.
Thus, PL quenching is only due to new photo-oxidized species.

At the level of 0.2% of impurities (that quench 50% of PL), the
average distance between impurity molecules d; is around 7 nm.
This value is obtained taking the density of DPVBi to be 1.2 g cm 3
(that of monoclinic crystal with two molecules per unit cell) [33]
and assuming that molecules form a simple cubic lattice. The long-

range Forster resonant energy transfer (FRET) from DPVBi to
impurity molecule can be ruled out due to absence of a spectral
overlap between DPVBi emission centered at 458 nm and the
impurity absorption at 255 nm [15,34-36]. Thus, only reasonable
assumption on the mechanism of PL quenching is that the excitons
diffuse through the film at long distance and, if during their life-
time an impurity molecule is reached, quenching as the most
probable outcome may happen [15,37-41]. Exciton diffusion
length I for amorphous DPVBI films is measured by Choukri [42]
to be (8.7 + 0.6) nm and satisfies the condition d; < Ip required for
quenching [43].

The Forster energy transfer among DPVBi molecules occurs
with the probability higher than 50% when their separation is
smaller than 1.4 nm. The Foérster self-radius Ro=1.4 nm for DPVBi
is calculated from the formula Ry=0.211(x*n—4QpJ(A))"/® [44],
where x?=2/3 is the geometrical factor for random orientation of
the donor and acceptor transition dipole moments, Qp=0.45 is PL
quantum  efficiency of amorphous DPVBi [45] and
J(A)=4x 102 (nm)* M~! cm~! is the overlap integral between PL
and absorption spectra of DPVBI. As, to the best of our knowledge,
experimental data for the refractive index n of DPVBI are lacking,
we have, instead, taken the value n=2 of structurally similar TPD
molecule [46]. Excitations are localized and move by hopping from
one DPVBi molecule to another via one of two possible processes:
one is FRET and the other is Dexter electron transfer [47]. Dexter's
mechanism requires a spatial overlap between wave functions of
DPVBi molecules and it occurs only at short distances, typically not
larger than 1 nm. The rate of Dexter transfer is typically much
lower than the rate of FRET, as it applies to excitons with dipole-
forbidden transitions, like in triplet-triplet energy transfers
[15,39]; in the case of DPVBI, PL is due to singlet excitons, thus,
hopping would likely occur through FRET.

Oxygen diffuses into amorphous film, where it reacts with
excited DPVBi molecule and forms an impurity, which acts as
quenching site. Exciton diffuses by hopping form one DPVBi to
another through FRET in a random walk manner. If, during its
lifetime, it comes to proximity of an impurity, a Dexter-type
energy transfer occurs and PL is quenched.

4. Conclusion

Thin DPVBI films were irradiated by UV light in ambient,
vacuum and under different oxygen pressures. Films of DPVBi are
degraded by UV light only in the presence of oxygen. The degra-
dation is a consequence of reaction between UV-excited DPVBi
molecules and oxygen. Films of DPVBi can be safely removed from
vacuum as long as there is no interaction with UV light and be
returned to vacuum for further processing without change in
composition. Reaction rates increase by increasing oxygen con-
centration and/or UV light intensity. Mass spectroscopy showed
the presence of numerous new species generated by photo-oxi-
dation of original compound. Also, the IR spectroscopy supports
this finding.

Time needed for absorbance to drop to half of its value is two
orders of magnitude larger than equivalent time for PL. For the
most intense UV irradiation that was used, this time for PL is about
5 s and during that time absorbance drops only for a few tenths of
percent. There is a non-trivial quenching mechanism of PL: it is a
consequence of exciton diffusion from excited DPVBi to impurity
molecule, assuming that excitons move via Forster resonant
energy transfer by hopping. Thus, only a small fraction of percent
of photo-oxidized species is sufficient to quench the luminescence
in amorphous DPVBi films.

As DPVBi is used as emissive layer in OLEDs, findings of this
work are important because they show that even a small amount
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of oxygen that penetrates a DPVBi layer would impair lumines-
cence efficiency of a device. Moreover, the absorption of its own
radiation (around 400 nm) would additionally contribute to the
rate of degradation of a device. It is reasonable to expect that the
transport properties would also be affected in DPVBi based OLEDs.
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Designing topological defects in 2D materials using scanning probe microscopy and a
self-healing mechanism: a density functional-based molecular dynamics study
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Engineering of materials at the atomic level is one of the most important aims of nanotechnology.
The unprecedented ability of scanning probe microscopy to address individual atoms opened the
possibilities for nanomanipulation and nanolitography of surfaces and later on of\two-dimensional
materials. While the state-of-the-art scanning probe lithographic methods include primarily adsorp-
tion, desorption and repositioning of adatoms and molecules on substrates or tailoring nanoribbons
by etching of trenches, the precise modification of the intrinsic atomic structure of materialsiis yet
to be advanced. Here we introduce a new concept, scanning probe microscopy with,a rotating tip,
for engineering of atomic structure of membranes based on two-dimensional materialssIn order to
indicate the viability of the concept, we present our theoretical research, which includes atomistic
modelling, molecular dynamics simulations, Fourier analysis and electronic transport calculations.
While stretching can be employed for fabrication of atomic chains only, ourrcomprehensive molecu-
lar dynamics simulations indicate that the nanomanipulation by scanning probesmicroscope with a
rotating tip is capable of assembling a wide range of topological defects in two-dimensional materials
in a rather controllable and reproducible manner. We analyze two possibilities. In the first case the
probe tip is retracted from membrane while in the second case tip is released’beneath membrane
allowing graphene to freely relax and self-heal the pore made by tip. The former approach with the
tip rotation can be achieved experimentally by rotation of sanipleswhich is equivalent to rotation of
the tip, whereas irradiation of membrane by nanoclusters cam, be utilized for the latter approach.
The latter one has a potential to yield yet a richer diversity of topological defects on account of
a lesser determinacy. If successfully realized experimentally the coneept proposed here can be an
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important step toward a controllable nanostructuring of two-dimensional materials.

PACS numbers: 31.15.Ct, 31.15.E-, 02.70.Ns, 68.37.Ef, 68.65.Pq, 81.400)j, 81.40.Lm, 61.72.Hh

INTRODUCTION

Precise, accurate and predictable nanostructuringis an
ultimate goal of nanophysics and nanotechnology: Scan-
ning probe microscopy (SPM) including scanning tunnel-
ing microscopy (STM) [1] and atomic force microscopy:
(AFM)[2] have proven records of their capabilities for
nanostructuring (i.e. scanning probe panostructuring -
SPN) at the nanometer level. An impressive preeision
was demonstrated already in 1989<by’ BDon. Eigler who
manipulated 35 individual Xenon/atoms on a nickel sub-
strate [3]. The first nanostructuring demonstration was
followed by nanoscale patterning of H-passivated Si(100)
surface by STM [4], which paved, a way for using STM
as a tool in lithography processes [5]« The focus of re-
search in SPN techniques has beem'mainly on adsorption,
desorption and manipulation of adatomic and molecular
decorations of substrates [6=11]««The local anodic oxida-
tion (LAO)[12, 13] is also often wutilized, which can pro-
vide a spatially-controlled modification of various mate-
rials includingggraphene,shéets [14]. Complex structures
with lithographic resolutions down to 25 nm have been
demonstrated using the AFM method [15, 16], whereas
much higher spatial.resolutions down to 2.5 nm have been
achieved by STMin fabrication of graphene nanoribbons
with desired crystallographic orientations [17]. Thermo-

chemical nano-lithography technique has also been pre-
sented as a promising SPN-AFM method [18].

Here we introduce a conceptually new approach to
SPN, utilization of SPM with a rotating tip as an addi-
tional degree of freedom. Using atomistic modelling, den-
sity functional-based molecular dynamics simulations,
and Fourier analysis we demonstrate this concept with
the engineering of topological defects in a suspended
graphene membrane, whereas the method is transferable
to the larger class of two-dimensional (2D) materials. De-
fects have important roles in properties of graphene and
other 2D materials [19, 20] hence large effort has been
invested in understanding their effects, detection, elimi-
nation or utilization in engineering of desired materials’
properties [21, 22]. Our simulations indicate that a choice
of a material for the scanning probe tip, which does not
strongly chemically interact with the graphene, allows
rebinding of carbon atoms based primarily on positions
of the atoms relative to nearest atomic neighbors of the
tip. Rotation of the tip presents an additional degree of
freedom to the standard SPM, which can provide a finer
precision necessary to achieve desired relative position-
ing of tip and carbon neighbors. Note that one can ro-
tate membrane rather than tip to achieve the same effect,
since only relative positions matter. Application of STM
on a rotating sample has already been experimentally
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demonstrated [23]. In the second part of the manuscript
we analyze possibility for engineering topological defects
by the self-healing mechanism upon instant removal of
the tip from the graphene membrane after the tip pene-
trated the membrane till certain depths. This approach
can also be realized in an equivalent experiment with
a similar effect, for example by irradiation of graphene
membrane by energetic nanoscale clusters. The experi-
mental feasibility to generate defects in graphene by this
method but with supersonic microclusters has been re-
cently demonstrated [24].

METHODS

We employ the density functional-based tight binding
(DFTB) method |25, 26] as implemented in DETB+ code
[27]. The method has a proven record in research of
plastic deformations of graphene, including our reports
on breaking of graphene nanoribbons under extreme uni-
axial stresses [28-30]. We perform geometry optimiza-
tions, molecular dynamics (MD) simulations and elec-
tronic transport calculations within I'-point approxima-
tion. The initial geometries prior to MD simulations
have been fully relaxed by the conjugate gradient op-
timization where maximal force on atoms is smaller than
0.04 eV/A. Van der Waals interaction has been included
in calculations. Conductance of the systems is obtained
by DFTB augmented by Green’s functions [31] whereas
the Landauer-Buttiker [32] formula is utilized for caleu-
lations of electronic current.

We investigate the mechanism of piereing of suspended
graphene by atomically sharp STM tip within the super-
cell approach. The lengths of the supércell is 4.92 nm
along the armchair direction of graphene and 5.11 nm
along its zig-zag direction. The whole supercell con-
tains 960 carbon (C) atoms and/120 gold (Au) atoms
(Fig. 1(a)). The tip consists of face-¢entered cubic Au
crystal with a pyramidal geomeétry. The tipapex is made
of a single Au atom. The sides ofithe pyramid correspond
to the stable Au(111) surfaces as’'shown in Fig. 1(a).
Existence of pyramidal golden nanoclusters has been re-
ported before [33]. Wé choose gold for the tip material
since, as a noble metaljrit dees not strongly chemically
interact with other materials.including graphene. In or-
der to isolate the effects§ of tip on graphene from eventual
changes of tip geometry. weddo not allow Au atoms to re-
lax during the simulations, essentially simulating an ide-
ally rigid tip. The approximation is adequate for proving
the concept while, other weakly reactive tips, stronger
than the target 2D material, should be utilized in real
experiment.

2

RESULTS AND DISCUSSION

The drilling starts with the tip apex initially positioned
above one of the three high-symmetry sites of graphene:
the center of a phenyl ring (hollow site), on the top of a
carbon atom (fop site) or at the middle ofia C-C bond
(bridge site). The suspension of graphene is simulated
by fixing C atoms that encompass/two rows, of phenyl
rings at each edge of the simulated4nembrane.| The start-
ing position of the tip apex’is 2A above graphene. We
optimize all initial geometries‘prior to MD,simulations
using the conjugate gradient method:, The tip-graphene
repulsion causes a shallow §ag.in graphene with maximal
departure of C atoms by-d:01AMrom the basal graphene
plane (i.e. fixed C atoms).

After the initial geometry optimizations we proceed
with MD simulations. The movement of tip is realized
by alternating its tramslational motion inward graphene
by 0.1A and MD simulation with duration of 1 ps at
the temperature ofy300°K using the Nosé Hoover ther-
mostat [34y, 35]. Thisycorresponds to the speed of 10
m/s, which ishmuch smaller than speed of atoms due
to their thermal motion. Hence effects of the tip kine-
matics can be neglected and the results of simulations
are_expected to be the same for much smaller tip veloc-
ities asytheones in real experiments. The depth z of tip
apex relativé to the graphene basal plane corresponds
to the time ¢ of MD simulations according to expression
z(t) = —2A+0.1%t. We analyze the piercing mechanism
for the three lateral tip positions. Two main regimes can
be distinguished. After the initial elastic regime char-
acterized by the parabolic-like dependence of potential
energy with respect to time (equivalently the strain) the
drilled graphene transits to the plastic regime with ap-
proximately linear dependence with abrupt discontinu-
ities (Fig. 1(b,c,d)). The transitions from the elastic to
the plastic regimes are triggered by the first breaking
of chemical bonds in graphene during the piercing pro-
cess. In case of the hollow site three alternative bonds of
the phenyl ring under the tip apex break simultaneously
(Fig. 1(b)). The system stabilization is twofold: (i) C
atoms of the ring move away from the repulsive tip apex
effectively lowering their mutual repulsion and (ii) three
double bonds form which gain energy relative to the con-
jugated state of the stretched phenyl ring that existed
prior the breakage of bonds. At the moment of breaking
the angle between planes of that phenyl ring and neigh-
boring rings is nearly 30°. When the tip apex is at the top
site, the underneath C atom shifts faster than its three
neighboring C atoms with the progress of tip (Fig. 1(c)).
The corresponding three C-C bonds elongate until the
threshold of 2A is reached when two of the C-C bonds
break simultaneously. The third bond contracts forming
a shorter and stronger double or triple C-C bond. This
rebinding releases energy, which transforms into the ki-
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FIG. 1: (color online) Illustration of the scanning probe nanomanipulator with a rotating pyramidal golden tip is shown in
panel (a). The surface area of the graphene membrane is around 5 X'5 nm. The suspension of graphene is realized in the MD
simulations by fixing C atoms that encompass two rowsrof.phenyl rings at each edge of the simulated membrane. Red arrows
indicate translational and rotational degrees of freedom for the STM tip. Potential energy curves with respect to time of the
tip progression (equivalently the depth Z(A) of tip apex relative to basal graphene plane) are shown for the hollow, top and
bridge sites in panels (b), (c¢) and (d), respectively. These sites correspond to initial (i.e. at the first MD step) lateral positions
of the tip apex above the center of a carbon hexagon (hollow site), above a carbon atom (top site) and above middle of a C-C
bond (bridge site). The lateral position is fixed at the beginning of MD simulations and do not change as they progress. The
structures in the panels (b), (c) and (d) are snapshotsiof MD simulations as viewed from a position below membranes. Red,
golden and yellow spheres represent gold atoms of the tip apex, the second and third Au layers. Red lines and ellipses are eye

guidance for bond breaking and bondfotations:

netic energy of the two C atoms. The energy is sufficient
to tear off a C atom from the neighboring hexagon and
a two-atom chain (i.e. a dimer) emerges (Fig. 1(c)). In
case of the bridge site the bridge elongates with the pene-
tration of the tip apex‘and breaks at the threshold bond
length of 2A (Fig. 4(d)). Breaking of the bond is not
sufficient to transfer the releasedrenergy to a secondary
relaxation as in the previous case. Interestingly, the ini-
tial change of the bondingdn graphene, even so minor as
that in the bridge casegehanges the potential energy slope
from the parabolic/elastic to the nearly linear/plastic.
The potential energy has discontinuities in the plastic
regime each corrésponding to certain stabilization mech-

anism and transformation of topology. Relative orien-
tation of C atoms with their nearest Au neighbors and
current local atomic structure of graphene primarily de-
termine the mechanism of its structural reconfiguration.
For example, around 100" picosecond the tip apex in the
hollow site case has already passed through the graphene
sheet whereas three Au atoms from the second tip layer
are positioned next to certain C atoms (Fig. 1(b)). A
phenyl ring bends (shown with green color in Fig. 1(b))
due to the proximity of the repulsive force of a neighbor-
ing Au atom. This causes the planar sp? hybridization to
become unfavorable. One C-C bond of the ring breaks at
the threshold bending angle of the ring of around 30° and
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4
FIG. 2: (color online) Topological point defects obtained in the self-healing stage. The panels are referenced in Table I.
Geometric figures (squares, pentagons, hexagons, etc.) are painted with different colors as eye guidance.

a two-atom chain forms, as indicated by the red arrow in
Fig. 1(b). Due to the same atomic coordinationgtwo ad-
ditional C dimers form next to other two Au atoms from
the second tip layer. In the top site case Au atoms from
the second tip layer are nearly on top of two C atoms.
A pair of C-C bonds, marked with the red. ellipses in
Fig. 1(c), rotate and form two heptagons. It ispossible
for a hexagon to accommodate an additional atom when
the local strain is large enough suchsthat more Space is
available for the atom. We obserye the‘same process in
the bridge case where the relative positions of Au and C
atoms are close to those in the/op case.and‘a heptagonal
ring also forms. The same interaction and reconfigura-
tion mechanisms repeat whemthe 37¢ An layer arrives at
the level of pores. For imstance, in the hollow site case
around 125" ps the third atomic layer of tip approaches
graphene (representediby yellow/spheres in Fig. 1(b)).
When one of the Au atoms positions above a C atom in
a zig-zag edge of the pore, the C atom moves into an
empty space indicated by the red arrow, forming a pen-
tagonal ring (Fig. 1(b)). In order to verify consistency of
obtained results we have repeated segments of MD sim-
ulations starting »lps<before the simulation times when
structural reconfigurations take over. In the repeated
MD runsiwe shifted STM tip in random directions in the

basal plane of graphene by up to 0.5A, prior continuation
of the tip indentation. We have performed these simu-
lations at only 300K for each C-C rebonding ten times.
Surprisingly the same atomic structure reconfigurations
are reproduced for all the cases. This indicates a com-
fortable margin for deterministic realization of real ex-
periments at this and lower temperatures. We expect
lesser reproducibility for higher temperatures. However,
STM experiments can routinely be carried out even at
much lower temperatures nowadays.

These findings of rather reproducible mechanisms for
creation of atomic chains, pentagonal and heptagonal
rings may be utilized for the controllable design and fab-
rication of topological defects in graphene. Since the re-
configuration of atomic bonds has been determined by
the positions of Au atoms relative only to neighboring C
atoms, rotation of the STM tip (red arrow in Fig. 1(a))
about axis perpendicular to basal plane of graphene, al-
ternating with progression of tip through the membrane
can position Au atoms at designated place for a desired
reconfiguration to take over. The same mechanism con-
tinues in consequent retraction of tip from the membrane.
Finally the membrane with aimed modification of atomic
structure remains. Note that the intended relative posi-
tioning of tip and sample can be also achieved by rotating
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TABLE I: Topological defects generated in the self-healing process

| H Hollow [

Top [ Bridge ‘

T(K)|| large | mid |small|large

small | large | mid |small

50 (a) | (c)* |6-gon| (c)
300 (a) (c) |6-gon| (c)
600 || S-W* | (c) |6-gon|6-gon
900 || S-W | S-W |6-gon| S-W
1200 ||6-gon® | S-W |6-gon| (e)?
1500 || S-W |6-gon |6-gon |6-gon
2000 || S-W | (c) |6-gon| (d)

d

) | (c) | S-W | S-W |6-gon
) | (¢) | S-W | S-W |6-gon
) | S-W | S-W |6-gon | 6-gon
) | (¢) | S-W | S-W |6-gon
) | S-W |6-gon| S-W |6-gon
6-gon |6-gon|6-gon| (f) |6-gon
S-W |6-gon|6-gon| S-W |6-gon

- Large, mid and small indicate the size of initial pore before the relaxation stage; these correspond toe removal of tip when

tip apex is at depths of 17A, 13A and 8A respectively.
“ Letters in parentheses correspond to panels in Fig. 2;

@ Carbon chain like that in Fig.2(c) but with possible different configuration of surrounding atoms;

b Stone-Wales defect;
¢ Pristine hexagonal graphene;

¢ A complex geometry with two C atoms driven out of graphene.

of sample instead of the tip, as experimentally demon-
strated in ref. [23].

Next we analyze a relaxation mechanism of graphene
membrane when STM tip is not retracted from graphene
upon penetration but rather released beneath it. This
is realized by simple removal of the tip at a given mo-
ment of MD simulation. The membrane starts to re-
lax freely at that moment. We remove the tip at the
100", 150t or 190" picosecond after the beginning of
tip penetration. The corresponding initial sizes of the
pores are designated as large, mid and small in the fol-
lowing text. The actual surface areas of the pores, diffi-
cult to precisely define due to their irregularsnonplanar
forms, range roughly from 40A2 to 140A2, which is from
about 8 to 27 times larger than the surface of a phenyl
ring in an unperturbed graphene membrane. We conduct
MD simulations for a range of temperatures between 50
and 2000 K. These simulations are inspiréd by a,recently
reported experiment where graphene was penetrated by
supersonic micrometer-sized atomic_clusters [24]. This
paper demonstrates a possibility to generate delocalized
defects using this method. In contrast to the experi-
ment our system is smaller by three orders of magnitude
and cluster (i.e. tip) is significantly slower. The same
method reported in the paper.but'with smaller and slower
nanoclusters may be utilized for engineering of localized
topological defects in graphene membranes.

Graphene self-heals/withimthe first 1 ps of tip removal.
The pores patch with new atomic structures presenting
a variety of topological defects (see Fig. 2). Table I
summarizes the fabricated structures for a range of
temperatures, initial size of the pore and three initial
puncturing sites, hollow, top and bridge, defined above.
In contrast to controllable penetration and retraction of
STM tip, atomicstructures generated by the self-healing
process. are more nondeterministic. =~ However some

regularities are indicative/of the MD simulations. The
final atomic structure of the membrane is determined
primarily ‘by»3 factors:

o defects present in the system before the relaxation
stage,

o breakig of bonds during relaxation and
e temperature.

The pristine hexagonal graphene is recovered for small
initial pores in the hollow and bridge cases, whereas short
carbon chains emerge for the top case, which reflect their
atomic structures before the self-healing stage. Elas-
tic energy of small pores accumulated in the puncturing
phase is not sufficient to break a C-C bond during the
self-healing process when edges of pores collide at each
other. In contrast, a wide variety of defects emerges when
pores are large (see Table I). Chemical bonds elongate
with elevating temperatures, making 2D materials more
flexible and their atoms more motile, essentially cover-
ing a larger part of phase space and possible number
of atomic reconfigurations. Relatively high temperature
and large pore with preexisting carbon chains is an opti-
mal combination of conditions for fabrication of complex
topological defects like the one in Fig. 2(e).

After the self-healing relaxation stage the accumulated
strain energy localized around the pore transfers across
the whole system via mechanical waves. We gain the in-
formation about the waves by the Fourier transform (FT)
analysis. We obtain the power spectrum (Fig. 3(a)) of av-
erage depth of graphene for the hexagonal site case in the
relaxation stage with respect to time (inset in Fig. 3(a)).
The spectrum has the most pronounced peaks around
1.2 THz. The varying of heights of the peaks with tem-
perature indicate damped waves with the characteristic
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FIG. 3: (color online) (a) Fourier transforpa’of avera
of graphene) versus time (average depth dependence
e side

wavelength A in graphene. Red line show
between planes shaded by dark and lig
space-time to wavenumber-frequenc
for the optimal wavenumber 0.28 1/

ature. However
3 ncreasing, as the
K rather than 1500

attenuation time increasing
the dependence is not
highest peak is obtained
K. The origin of this
attenuation, beside
Stone-Wales defec
pristine defect
1200 K.

Now we a 7€ a sibility for secondary rupturing
of grap a al delocalization of defects due
to the finduced waves. We have observed above that
carbon'bonds break only under extreme dihedral an-

Distance from the piercing site (A)

ge depth of graphene (average distance of C atoms from the basal plane
time is shown in the inset). (b) Illustration of a mechanical wave with
iew where C atoms are alternatively shifted up and down. « is angle
and h is twice the amplitude of the wave. (¢) 2D Fourier transform from

doms e legend scale is in dB. (d) Inverse 2D Fourier transform obtained from (c)
and equencies above 2.5 THz. The legend scale is given in A.

gles and bond lengths. In order to achieve such con-
ditions with a wave, optimally its wave length has to be
A\ =dv3 = 3.46A for d = 2A (bond length at which the
C-C bond breaks), which corresponds to the wavenumber
k= 0.29 1/A (Fig. 3(b)). The angle a between planes
(marked with light and dark green shades) has to exceed
30°. It follows that amplitude h/2 of the wave has to be
around 0.27A. We obtain amplitudes of induced waves
from the space-time Fourier transform (STFT, Fig. 3(c))
and the inverse Fourier transform (IFT, Fig. 3(d)) for the
optimal wavenumber k = 0.29 1/A after filtering out fre-
quencies below 2.5THz. Periods of the filtered waves are

Page 6 of 9



Page 7 of 9

©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - NANO-115296.R2

TN D
Q =

Current (uA)
—

N
Q

/ |
o pristine o S-W +{a) = (b) - (c) - (d)

10 15 20

Time (ps)

FIG. 4: (color online) Dependence of electronic current omtime for systems with different defects. Zero time is at the beginning
of self-healing process after removal of the SPM tip. Letters (a) - (d) in the legend correspond to defects in Fig. 2(b) - (d), and
S-W to a single Stone-Wales defect. Chain is for the system shown in Fig. 2 (c¢) and pristine corresponds to self-healing to the
ideal graphene. Various symbols designate actual values of calculated,current whereas lines are polynomial fits to these values.

Current is calculated for the bias voltage of 1V.

significantly large compared to the simulation time. The
Fourier transforms are obtained for positions of atoms
in a 1A - wide stripe from the center of membrane to
the extreme right position of the simulation box. Using
this setup the STFT includes only one.-space coordinate
along the stripe. We have interpélated the position of
atoms prior to application of STFT./The power spec-
trum is the most prominent, for small frequencies below
0.05-10% THz with relatively large fluctuations for higher
frequencies. Note a propagating wave in Fig. 3(d) with
the phase speed of around 280 m /s Amplitude of the
wave attenuates from 0:47 A to below 0.05A in only 0.7
ps. After that time the.amplitude/remains constant. Im-
portantly, the amplitude of wave in the steady-state is
significantly smaller than thé threshold of 0.27 A for the
secondary breaking of carben bonds. We have obtained
the same couclusion for every considered temperature,
puncturing site and initial size of pores. Therefore the
topologicalsdefects remain localized around the penetra-
tion sité since secondary defects can not emerge due to
induced traveling waves. This finding may not be true

for another 2D materials, which stiffness is smaller than
that of graphene as an extreme example.

Electronic transport of 2D materials sensitively de-
pends on the nature of their defects. Fig. 4 shows the
evolution of electronic current with time at bias voltage
of 1V for investigated systems in the self-healing stage.
Note that defects (a) to (d) in this section correspond
to defects (a) to (d) in Fig. 2. Electrodes are placed
at the opposite ends of membranes and consist of ideal
graphene. All currents are calculated at 300K except for
the case of defect (d), which is obtained at 1200K. The
higher temperature causes a larger amplitude of oscilla-
tions of the membrane and correspondingly of electronic
current. Defect (d) causes maximal degradation of con-
ductance among investigated defects, by around 45% rel-
ative to the case of ideal graphene. It is followed with
defects (a) and (c). A general feature is that currents are
minimal at the beginning of the relaxation stage, when
pores are still present in membranes. Electronic currents
rapidly grow within the first 1 ps when the pores get
closed and the final binding topology is reached for the
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all defects. Current saturates to specific values depend-
ing on obtained defect, i.e. topology, while oscillating
due to induced mechanical waves analyzed above in de-
tail. While saturated currents are different for various
defects ((a),(c) and (d)), our calculations also predict an
unexpected overlapping of saturated currents in case of
the pristine graphene, a single S-W and the (b) defect.
The initial time dependence of current for these cases
is still different, especially for the (b) defect. Therefore
transport measurements of a defective graphene mem-
brane during its self-healing process can provide infor-
mation on specific topological defect fabricated in the
membrane.

In conclusion, we have introduced a concept of SPM
with a rotating tip as an additional degree of freedom.
Our comprehensive MD simulations of puncturing of a
suspended graphene membranes indicate a new possibil-
ity for engineering atomic structure of 2D materials in
a controllable and reproducible manner with the novel
SPM method. Another approach is releasing of the SPM
tip after piercing of the membrane and its subsequent
self-healing. The alternative to the latter method is
shooting of membrane by a nanocluster. Although SPN
looses a bit of determinacy when the latter approaches
are used, fabrication a variety of individual topological
defects is accessible. Additionally, Fourier analysis of os-
cillations induced by STM puncturing of graphene mem-
brane indicate that generated defects remain local, i.e.
they do not permeate off the puncturing site. The pro-
posal for the new SPM method presented here and‘sim=
ulated on a suspended graphene membrane is a proof of
concept, which can be applied to a wider range of two-
dimensional materials. Manipulation of intrinsicsatomic
structure can be a qualitative step beyond the state-of-
the-art of nanomanipulation today. The prior knowledge
of tip geometry, details of its interactiomwith a 2D ma-
terial and precise tip rotation by desired angles are the
main challenges for successful experimental realization of
the concepts presented here. All three \challenges ean be
successfully addressed with presentstechnologies or the
sustained development of the technologies can reach the
necessary level of sophistication.| A ontrolled fabrica-
tion of atomically sharp STM/tips has been in a steady
progress during the years [36=38],. Atomistic simulations
like these shown here can assist in gaining the details of
the tip-sample interaction. The technique for controlling
the rotational degree of freedom in|SPM has been already
demonstrated in refa[23], where desired orientation of
tip relative to sample is achieved,by the rotation of sam-
ple instead of tip. |These two approaches are equivalent,
since only relativertip-sample orientation matters for fab-
rication of t@pological.defects analyzed in our proposal.
However a further improvement of the method is still
necessary: Namely. the circular scanning pattern shown
in Ref.[[23] has o be reduced to a rotation of sample
with a fixed rotational axis that penetrates the tip apex.

8

The rotation axis should also be perpendicular to the
membrane’s basal plane for the sake of simplicity and
better control of the tip-membrane interactions at the
atomistic level. Hence, there are no physical obstacles
that could principally forbid the realization of real ex-
periments. The engineering issues that make real differ-
ences between somewhat idealized simulation, conditions
used here and realistic experiments will be resolved in
the sustained progress of the field that we witness nowa-
days. Until then our concept and results can serve as a
"thought experiment" without the completeoverlap with
current experimental possibilities,sbut as a guideline for
their future development. In the meamwhile we can ex-
pect a realization of the sécond proposal here, engineer-
ing of the wide variety of the localized topological defects
by nanocluster irradiation (the tip removal equivalence),
for which the experimental techniques already exist. We
hope the concept/that we have presented will ignite a
sufficient interest in the experimental community for the
SPM with a retating tip as a new tool for nanomanipu-
lation, one of the ultimate goals in nanophysics and nan-
otechnology.
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