


HayuyHom Behy UHcTUTYTa 3a pU3UKy, beorpag

Mpeamet: Muw/bere pykoBoauoL,a NpojekTa o pensbopy
JeneHe MNewwuh 1 3Barbe UCTpaXKMBaY cCapagHUK

[okTopaHT JeneHa lMewwuh je 3anocneHa Kao WUCTpPaXKMBay NPUMPABHWUK Ha NPOjeKTy
«®u3nKa ypeheHnx HAHOCTPYKTypa M HOBUX MaTepujana y ¢oToHuum» , 6poj 171005 ogp,
HoBembpa 2013. 23. aeuembpa 2014 je nsabpaHa y 3Barbe UCTPAXKMBAY CaPaLHUK
[okTopaHT JeneHa Mewwuh je akTMBHO aHraxkKoBaHa Ha UCTPaA*KMBarbUMa M3 061acTn rpadeHa u
APYrMX ABOAMMEH3MOHUX MaTepujana. 3agyrKeHa 3a usBoghere HYMepuUKUX cumynaumja u
6aBM ce UCNUTUBAHLEM  eNeKTPOH-POHOHCKE WHTepakuuje Yy rpadeHy U Apyrum
ABOOMMEH3NOHMM  MaTepujanuma MeToaomM  Teopuje  dyHKUMOHana ryctuHe.  ®Pokyc
UCTParkKMBatba je Ha CynepnpoBOAHOCT Yy AOMMPAHOM rpadeHy M MOHOCNO0jy MarHesujym-
Anbopunaa. AHraXKoBaHa je U Ha eKCnepuMMeHTaNHOM Aeny NpojeKTa Koju ce 6aBu MexaHUYKn
ekchonmpaHmm rpadpeHom un gpyrux 2] matepujana.

JeneHa Newwh je o cap objaBmia ocam pagoBa, o Tora 2 KaTeropuje M21a, 3 kateropuje M21
n 3 Kateropuje M22.

Y oktobpy 2016. (10. okTtobap 2016.) roamHe poKtopaHTy Jenenn MMewwnh je Ha Behy
YHusep3uteTa y beorpaay ycsojeHa Tema AOKTOPCKe AucepTaunje nog Hasuesom: ,Investigation
of Superconductivity in Graphene and Related Materials Based on Ab-initio Methods”
(McTparknBarbe cynepnpoBOAHOCTU Yy rpadeHy U CANYHMM MmaTepujannma Kopuwherbem ab-
initio metoga). 23. jyHa 2017. rogunHe JeneHa Mewwuh je npegana guceptauujy Ousnykom
dakynteTy YHuBep3uTeTa y beorpagy. OnbpaHa auceptaumje ce odekyje y TOky jeceHn 2017.
froaunHe.

Kako kaHguaat JeneHa Mewwuh mcnyrwasa cBe GOpmManHe U CYLUTUHCKE YCNOBE KOju cy
notpebHn 3a peun3bop y 3Barbe WCTPAKMBAY CapagHUK, KaKo o cTpaHe MwuHucTapcTsa
npoceeTe, HayKe U TeXHO/OLWKOr passoja Penybanke Cpbuje, Tako n o cTpaHe MHcUTyTa 3a
®u3unky beorpag, YHuBep3uTeT y beorpagy, carnacaH cam ca NOKpeTakbem MOCTYMKa Yy HeH
pen3bop y 3Barbe UCTPAXKMBAY CapaLHMUK.

Mpepnarkem KOMUCKjy y cacTaBsy:
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CtpyyHa 6buorpaduja

JeneHa Newwuh je poheHa y beorpaay, onwTtnHa CaBcku BeHau, Penybnuka Cpbuja, 17.
Aeuembpa 1986. roanHe. OCHOBHY LWKOAY W TMMHasWjy je 3aBpwuna y 3emyHy. OcHoBHe
ctyauje je ynucana 2005. roanHe Ha Pusmukom dpakyntety, YHUBep3nT y beorpaay, Ha cmepy 3a
Teopujcky n ekcnepmeHTanHy ¢umsnky. OcCHoBHe cTyaumje je 3aBplimaa y jaHyapy 2013. roanHe
ca npocekom og, 8.9 n aunnomckum mcnmtom 10, ca Temom gunaomckor paga: “MpumeHa GPU
nporpamuparba y DFT npopauyHuma”, meHtop ap Pagow lajuh. [lokTopcke ctyguje je ynucana
Ha ®usnukom dakyntety, YHuBep3uTeT y beorpagy, wkoncke 2012/13. roanHe, yxa HayyHa
obnact: dmsmka KoHgeHsoBaHe MaTepuje n CtatuctMuka ®usuka. Y LleHTpy 3a pusnKy uspcror
CTarba M HOBe maTepujane MHCTMTYTa 3a OM3KUKy y beorpaay je BonoHTupana og 01. pebpyapa
2013 roguHe po 06. HoBembpa 2013. rogMHe Kaaa je 3anoc/iieHa Kao UCTPAXKMBAY-NPUNPABHUK
Ha npojekty OM171005 “@usmka ypeheHMx HaAHOCTPYKTypa MW HOBUX MaTepujana y
HaHodoToHUUM”. 23. neuembpa 2014 je nsabpaHa y 3Barbe UCTPAXKMBaY capagHuK. Y oKTobpy
2016. roamHe gokTopaHTy JeneHu Mewwuh je Ha Behy YHuBep3uTeTa y beorpaay ycBojeHa Tema
[OKTOpPCKe aucepTtaumje nop Hasmeom: ,Investigation of Superconductivity in Graphene and
Related Materials Based on Ab-initio Methods” (UcTpa*kusame cynepnpoBoagHOCTU y rpadeHy u
CAMYHUM MaTepujanuma Kopuwhewem ab-initio metoga). 3a meHTOpa je ycBojeH Ap Pagow
Fajuh.

23. jyHa 2017. roanHe JeneHna MMewwuh je npepana auceptauujy Pusmnukom Pakyntety
YHuBep3uTeTa y beorpaay. OabpaHa aucepTauuje ce odekyje y Toky jeceHn 2017. roauHe.

JeneHa MNewwnh ce 6aBM TEPOMjCKUM UCTPAXKUBAHEM ENEKTPOHCKMX M BMOPALMOHUX
ocobuHa aKo M enekTpoH-GOHOH UHTepauuje y rpadeHy M camyHum 2J1 martepujanvma
Kopuwherem ab-initio meToaa Ha 6a3u Teponje PpyHKUMoHaNa ryctuHe (APT). AHraxkoBaHa je u
Ha eKCNnepMMEHTaIHOM Aeny NpojeKkTa Koju ce 6aBM MexaHWYKU eKchonmpaHnum rpadeHom u
apyrux 2 matepujana.

3a BpemMe JOKTOPCKMX CTyauja JeneHa Mewwuh je yyectBoBana y TpM MHTEPHALMOHANAHa
npojekTa. MNpsu je npojekat bunatepanHe capagre ca HP KnuHom n YHusepsutetom y LLaHrajy,
Koju ce 6aBu cneundpuyHmMm cobmHama HopmMasiHOT cTakba y cynepnposogHom REBCO kpuctany.
Opyrun je 6bunaTtepanHu npojekaTtca Ayctpujom, YHusepsutet y JleobeHy u Tpehu jep npojekat
Texas A & M YHusep3uteta y Katapy Koju ce 6aBuM UCTparkuBarbem yTuuUaja cybcTpata Ha
MHTepPKanupaHu rpadeH. Y Toky 2015 roauHe JeneHa lMewwuh je ydecTBoBasia U Ha MPOjeKTy
bunatepanHe capaare ca Hemaukom, YHusep3sutet y Motcaamy, o Kopuwhery rpadeHa Kao
3aLUTUTHOT C/10ja 3@ OpPraHcKe HaHOCTPYKType. Y jaHyapy 2017. JeneHa Mewwuh je yyectsoBana
Ha y wkonm “Advanced Workshop on High-Performance & High-Throughput Materials
Simulations using Quantum ESPRESSO"opraHusoBaHoj og, cTpaHe International Center for



Theoretical Physics y Tpcty, UTannja. Tokom AOKTOPCKUX CTyAMja je ocTBapuaa capagky ca
Johannes Kepler Yuusepsutetom y JInHuy, AycTpuja, Kao capafHuK y okBupy Zentrum fir
Oberflachen- und Nanoanalytik Koju Bogu npod. gp. Kypt XuHrepn. ¥ nepuoay 2014-2015
JeneHa Mewwuh je yyectBOBasNa y MHOBALMOHOM MpojekTy MWHUCTApPCTBa NpPOCBETE, HayKe U
TEeXHONOLWKOr pa3Boja Penybanke Cpbuje Koju je UcTparkneao Kopuwhere Te4HUX gucnepsuja
rpadeHa Kao macTuna 3a GNeKCMBbUAHY WTaMnaHy eNeKTPOHUKY.

o cag uma objasbeHux 8 papgoBa y mehyHapoaHMM 4aconucuma, 2 Kateropuje M2la, 3
KaTeropuje M21 n 3 kateropuje M22., n 14 yyewha Ha KoHpepeHUuWjama 1 WKonama. JoaaTHo
y TOKY nucawa oBOr M3BelTaja JeneHa MNewwuh mma jegaH pap Ha peueHsvju U jeaaH y
npunpemu 3a cnakbe y meflyHapogHu yaconuc.
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HayuyHa aKTMBHOCT KaHAuAaTa

JeneHa Mewwuh ce 6aBN TEOPUjCKMM UCTPaXKUBarbeM rpadeHa U CANYHUX ABOAUMEH3NOHUX
maTepujana Kopuwherem ab-initio meToga 3aHocBaHMX Ha Teopuje QyHKUMOHaAnNa ryctmHe (AOT).
doKyc MCTpaxkmBarba je Ha eNneKkTPOH-POHOHCKOj WMHTEpPKaLMju y OBMM MaTepujaiMma M MojaBu
CynepnpoBoOLHOCTY.

Y ToKy gocagalurber paga Ha 0Boj Temu JeneHa Mewwuh je objasuna Tpu paga y mehyHapoaHum
yaconucuma. Npsy LLeNnHY UCTPaXKMBakba YMHU NPOYYaBakbe MOHOC/0ja rpadeHa AoNMPaHOr aIKaaHUM
MeTanuma (nuMTnjym, 6apujym u Kanumjym) no y3opy Ha WHTepKanupaHu rpadut. EneKTpoHcKe K
BubpaunoHe ocobuHe cy npoyyYaBaHe Yy OBMM MaTepujaniMma a nocebHo enekTpoH-GOHOHCKA
MHTEpKaumja y rpadeHy pgonmpaHom Antujymom. M3yyaBaHa je MoOryhHOCT nojavyatba €1eKTPOH-
$OHOHCKe MHTEepaKumje 1 Nnoausakbe KPUTUYHE TeMNepaType NPMMEHOM MeXaHUYKUX moamdukaumja, Tj
Hanpesarba/uctesarba. oKasaHo je Aa NPUMEHOM [BOOCOBMHCKOr MUCTe3akba, 360r OmeKluaBakba
GOHOHCKMX MOJa, A0M1a3n A0 Mojavarba eneKkTPpoH-POHOHCKe MHTepaKumje M noseharba KpUTUYHE
TemnepaTtype Ao 29K. Y oKkBMpy OBe LenvHe NpoyyaBaHe Cy M ONTUYKE 0coObMHE MOHOC/O0ja rpadeHa
OONMUPAHOT INTUJYMOM.

[Opyra uennHa ce 6asn HOBUM ABOANMEH3UOHUM CYNepnpoBOAHUM MaTepujanom, CTPYKTYPHO U
E€NEeKTPOHCKN CANYHOM rpadeHy, MOHOCAOjy MarHesujym-gmbopuaa. WcTpakuBarbe o0byxBaTa
Nnpoy4aBrbe eNeKTPOHCKe M GOHOHCKe C/IMKe Yy 0OBOM mMaTepujany, CTyanjy cTabuaHOCTU U CUMETPU]CKY
aHanun3y oBOr maTepujana. EnekTpoH-GOHOHCKa MHTEpPKaumja M CyneprnpoBOAHOCT Cy MPOy4YaBaHU U
AMCKYTOBaHa je napasena ca gonupaHum rpacdeHom. MoKasaHo je Aa MOHOCNOj marHesnjym-anbopuaa
MMa KpUTUUYHY Temnepatypy Ha 18K. Mo y3opy Ha MpeTxoAHy LeanHy, npoyyaBaHa je moryhHoct
rnojayarba eNeKTPoH-POHOHCKE MHTEPKaLMje NPUMEHOM Hamnpesarba/uctesarba rae je nokasaHo aa ce
KpUTUUYHA Temnepatypa moxe nosehatm go 31K. Pe3yntatM 0BOr MCTpaXuMBakba Cy Yy npouecy
objaB/buBakba Y Bpeme NoAHOLEHa OBOT M3BELUTaja.

Naeja uncTparknBakba HUje camo NojeauMHaAYHO NpoyYaBare ABOAMMEH3NOHMUX CynepnpoBOAHMX
maTtepujana Beh M TparKere 3ajeAHUYKMX OCOOMHA M MPaABUAHOCTM Y3 UW/by Oosber pasymeBatba
CynepnpoBOAHOCK Y HUCKOAMMEH3MOHMM MmaTepujanuma Kao M moryhHocTM npeasuharba HOBMX
CynepnpoBOAHMX MaTepujana.

UcTparknsare JeneHa [MMewunh obyxBaTa jow paBe poaatHe uenuHe. Tpeha uenunHa je
npoy4yaBarbe MNPUMeEHEe XapABepckux ybpsamwa y OPT npopadyHuma. PoOKyc je Ha WCTparkmBarby
Kopuwhera rpaduukmnx npouecopa (IMY) y npopavyyHMma HUCKOAMMEH3MOHMX MaTepujana. OBo
NUCTPaXkuBarbe je 06jaB/beHO y jeaHOM paay y mehyHapoaHOM 4yaconucy a y TOKy je npunpama jow
jeaHe nybaunkaumje Ha oBy Temy. YeTBpTa LeanHA 0byxBaTa eKCNEPUMEHTA/IHO UCTPaXKMBakbe rpadeHa
W ApYyrux ABOAMMEH3MOHUX MaTepujana. Jenena MNewwnh ce 6aBn mexaHMYKOM eKkchonnjaumnjom rpadeHa
N HEroBOM MPMMEHOM Kao 3alUTUTHOT C/10ja 3@ HAHOCTPYKTYpe aan U NPUMEHOM TeYHO -eKchoamnmpaHor
rpadeHa y MaKpPOCKOMCKMM MpUMMeHama, Kao MPOBOAHO MacTMAO 3a wTamny, 3a ¢aekcubunHy
€N1eKTPOHUKY UTA. Y OKBUPY eKCnepuMeHTanHor UcTpaxkmearba JeneHa MNewunh je KoayTop Ha veTupwm
nybaukauuje y mehyHapoaHMm yaconucuma.
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Abstract — We present a new way to enhance the electron-phonon coupling constant and the
critical superconducting temperature of graphene, significantly beyond all reported values. Using
density functional theory, we explore the application effects of the tensile biaxial strain on the

lithium-intercalated graphene.

Both effects together, the presence of adatom and the strain,

trigger the enhancement of critical temperature, up to 300%, compared to non-strained lithium-

intercalated graphene.

Copyright © EPLA, 2014

Introduction. — Graphene, a single atomic layer of
carbon atoms arranged in a honeycomb lattice, has been
attracting remarkable attention for its unique properties
ever since it was successfully isolated in 2004 [1]. As the
first case of real-2D atomic crystals (MoSs, BN, NbSes,
BisTes, InSe), graphene proved to be an interesting sys-
tem with properties essentially different from 3D objects.
In addition, due to a hexagonal lattice with two carbon
atoms per unit cell, the electronic spectrum of graphene
has a Dirac cone analog to relativistic massless fermions.
As a consequence, the chiral Dirac electrons appear, re-
sulting in peculiar quantum effects like Klein tunneling [2],
Zitterbewegung of electrons [3,4] or anomalous quantum
Hall effect [5,6]. On the other hand, the electron-phonon
interaction in graphene is also quite interesting. Namely,
because of the specific Fermi surface, there is a pro-
nounced Kohn anomaly like in graphite [7] around I" and
K points [8]. In addition, the peculiar electronic band
structure of graphene gives rise to the breakdown of the
adiabatic Born-Oppenheimer approximation [9]. Extraor-
dinary effects in graphene make it a promising material for
future research as well as for various applications. Nev-
ertheless, one important effect has been missing on the
list of graphene exceptional properties so far. This is su-
perconductivity that has not been observed yet neither
in pristine nor in doped graphene although considerable
theoretical efforts have been invested in exploring possible
pairing instabilities [10-12].

Particularly, the existence of superconductivity in
graphene has been a highly investigated subject in the
past few years. Various superconducting mechanisms
have been extensively researched. Numerous supercon-
ducting models in graphene have been proposed, e.g., a
chiral superconductivity [13], an interlayer pairing of chiral
electrons [14] as well as many other exotic pairing mecha-
nisms [15] that have been studied [16]. Whereas all these
theoretical studies result in the possible appearance of the
superconductivity in graphene, the electron-phonon mech-
anism is still the most probable cause for potential super-
conductivity. Nonetheless, this is the naturally first choice
in the search for superconductivity in 2D carbon layer,
pristine as well as the intercalated one [17-21]. More-
over, the phonon-mediated superconductivity has been ob-
served and proven by photoemission spectroscopy [22] in
graphite-intercalated compounds [23-26].

Strong electron-phonon coupling could be caused by a
large number of carriers, strong deformation potentials,
and coupling of electrons and phonon modes at low ener-
gies. Unfortunately pristine graphene does not fulfil any
of these. The enhancement of coupling to the out-of-plane
vibrations is an imperative for appearance of superconduc-
tivity so the new states at the Fermi level should be in-
troduced, in a manner similar to the graphite-intercalated
compound (GIC). Intercalation of atoms into the layered
materials has been known as a method of introduction of
new properties in the pristine materials [27].
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GIC doped with various alkaline atoms displays super-
conductivity in many cases [24-26]. In the supercon-
ducting GIC at the Fermi level, an interlayer band has
been formed and it enhances the electron-phonon cou-
pling constant A [26]. Therefore, due to the presence
of interlayer band, the number of carriers is augmented,
the coupling to carbon out-of-plane vibrations is enhanced
and there is coupling to the intercalant vibrations as well.
The electron-phonon coupling constant is proportional to
the DOS at the Fermi level and the deformational poten-
tial D and inversely proportional to the square of phonon
frequency of the mode coupled to electrons

N(0)D?

P i
ngh

(1)
In eq. (1) wpp, is the phonon frequency of the phonon vibra-
tions involved in superconductivity, N(0) is the electronic
DOS per spin at the Fermi level and M is an effective
atomic mass. For the appearance of superconductivity
it is necessary to have the charge transfer to graphene
layer, but also the interlayer band must be formed on the
Fermi level. The electron-phonon coupling constant in-
creases with the deformation potential D which depends
on the distance between adatoms and the graphene, h.
The smaller the distance is, the larger D becomes. The
distance h cannot be decreased infinitely, since a too small
h will cause a complete charge transfer and an upshift
of the intercalant band, which then becomes empty and
forms above the Fermi level. Another important prerequi-
site for the introduction of superconductivity is the exis-
tence of coupling between carbon out-of-plane vibrations
and electrons (which is essential since the coupling with
in-plane vibration is not large enough and A has small
value). This is achieved by the transitions between the
graphene 7* states and the interlayer band.

The different intercalants and geometries allow tuning
of the properties of carbon, producing the largest increase
in T, (for calcium-doped graphite it is 11.5 K) [25,28,29].
Although GICs show interesting properties, not all types
of intercalant atoms produce superconductivity or signifi-
cantly increase T,. It seems that the charge transfer from
the interlayer is crucial. Though charge transfer is neces-
sary, the completion of the charge transfer is deleterious
for the enhancement of the superconductivity. In some of
GICs, the charge transfer between adatom and graphene
is incomplete and they display a superconductivity, on the
other hand, like Li-GIC, where the charge transfer is com-
plete resulting in low 7. (0.9K). In the Li-GIC, a strong
confinement for electrons along the z-axis exists and it
prevents occupation of the interlayer state. Because the
quantum confinement is removed in monolayer [18,30] this
results in the reduction of charge transfer and it is bene-
ficial for superconductivity. Thus the Li-doped graphene
is shown to be superconductive (8.1K) with much higher
T, than in Ca-doped graphene (1.4K). After the super-
conductivity in Li-intercalated graphene has been estab-
lished, much attention has been devoted to the study of

a) b)

Fig. 1: (Color online) (a) Lithium-intercalated graphene, h is
the adatom graphene distance. (b) Schematic description of
biaxial tensile strain.

its enhancement [31-33]. As a conclusion beside to the Li
doping, an increase of electron-phonon paring potential is
necessary. In order to increase A, the phonon frequencies
must be softened.

Based on this concept, we study the effects of the tensile
equibiaxial strain on the Li-intercalated graphene. Appli-
cation of the strain is an intensively studied topic, both in
theory and experiment [34-37]. Namely, an application of
strain on graphene can induce changes of the vibrational
properties [38,39], in the electronic band gaps [40,41]
and significant changes in conductivity both at local and
macroscopic level [42-44]. The type of the strain is a
very important feature, since the graphene lattice sym-
metry determines its band structure. The breaking of the
hexagonal symmetry will modify the band structure of
graphene [8,45], causing the opening of the band gap and
many other effects [46,47]. Since our intention is to soften
modes, without drastically modifying the structure, the
tensile equibiaxial strain is employed in the calculations
on the lithium-intercalated graphene (LiG) (fig. 1(b)).
Here it is shown that such a strain causes softening of
the phonons, in particular, the in-plane phonons will be
dramatically softened, whereas the out-of-plane ones will
be less affected [47]. This greatly affects .

We investigate the enhancement of the electron-phonon
interaction in LiG using the first-principle density func-
tional theory (DFT) calculation in the local density ap-
proximation (LDA) and based on the prior discussion, we
find that A is sensitive to the tensile equibiaxial strain,
therefore producing a higher T,.. For instance, the strain
of 10% makes a T, increase of almost 300%!

Computational details. — As mentioned above, we
employed DFT with LDA [48], using Quantum Espresso
(version 5.0.3) [49]. The ionic positions in the cell are
fully relaxed, in all calculations, to their minimum en-
ergy configuration using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm. The hexagonal cell parameter
¢ was set to ¢ = 12.5A in order to simulate a two-
dimensional system and avoid an interaction due to pe-
riodicity. The norm-conserving pseudopotential and the
plane wave cutoff energy of 65 Ry were used in the calcu-
lation. Although DFT with LDA may have problems in
application in certain situations where electronic correla-
tions are strong, for graphene, with large electronic bands,
it is quite a suitable assumption [47,50]. As stated before,
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Table 1: Physical properties of graphene under different values of tensile equibiaxial strain.

Strain

C-C bond

% h distance (A) lenght (A) A Wiog T,
0% 1.80 1.42 0.61 278.88 8.1
3% 1.69 1.46 0.47 876.17 6.42
5% 1.64 1.49 0.49 976.20 9.43
7% 1.61 1.52 0.55 1009.05 14.73
10% 1.54 1.57 0.73 827.09 28.72

there is the Kohn anomaly. Although DFT is known to
underestimate the electron-exchange correlation energy in
the presence of the Kohn anomaly [51], the usage of DFT
here is justified. The differences appear only in a small
portion of the first Brillouin zone and do not lead to sig-
nificant inconsistencies when the electron interaction with
entire phonon system is observed [52]. The unit cell for the
LiG monolayer was modeled in the V3 xv/3R 60° in-plane
unit cell, consisting of one Li atom placed above the center
of the carbon hexagon, with an adatom-graphene distance
h=1.8A. (fig. 1). A was calculated with the electron mo-
mentum k-mesh up to 40 x 40 x 1 and the phonon g-mesh
20 x 20 x 1. The Eliashberg function is defined as

1
Z |g'ryLk7 mk+q|2

a’F (w) = ———
() N(0)NyN, ke e

X 5(Enk)5(€mk+q)(5(w — w(’;),

where N(0) is the total DOS per spin and N, and N, are
the total numbers of k£ and ¢ points, respectively. The
electron eigenvalues are labelled with the band index (n
and m) and the wave vector (k and k+¢), while the phonon
frequencies with the mode number () and the wave vector
(q). Ik, mk+q TePresents the electron-phonon matrix ele-
ment. The total electron-phonon coupling A(w) is given:

/\(w)=2/0wdw'aF(w/). (2)

wl

The superconducting critical temperature was estimated
using the Allen-Dynes formula with p* = 0.112 [53]

(3)

T. = Wiog ox
1.2

—1.04(1 + \)
A(1—0.62p%) — p*

where

Wiog = €XP B\ / %QQF(W) logw} . (4)

Results. — In order to strain the LiG monolayer and in-
crease the lattice constant, the in-plane distance between
C atoms is increased leaving the hexagonal symmetry pre-
served. The Li adatom is placed above the H site in
graphene (the center of hexagon) (fig. 1), which, according
to DFT study is the favorable adsorption site [54]. The
modification of the lattice constant does not interfere with

dos (E)

-20 -16 -12 -8 -4 0 4 8 12
Energy (eV)

Fig. 2: (Color online) Electron density of states for LiC6 under
tensile equibiaxial strain.

the Li adatom position which remains fixed in the center
of the hexagon, leaving the symmetry unbroken. Due to
the expansion of the carbon atom distances and the in-
variance of the hexagonal symmetry, the Li adatom shifts
only along the z-axis. The effects of several values of the
strain, which increase the lattice constant by 3%, 5%, 7%,
and 10%, are studied. Larger strains are not applied due
to the instabilities that occur after the attempt of geomet-
rical optimization and relaxation.

Table 1 presents the physical parameters of the Li-doped
graphene under the various strains. The distance between
the Li adatom and graphene decreases with the strain,
as the Li adatom moves down deeper towards graphene.
When strain is applied, the distance between neighboring
C atoms increases and the graphene 7 bonds less repulse
the Li adatom, which then moves down along the z-axis.
In fig. 2, the electron DOS is shown. The small shift of
the Fermi level can be observed with the strain. Here it
is worth mentioning that in graphene, a truly 2D system
with low electron density, the long-range Coulomb force
is weakly screened and the electron-electron interaction
cannot be neglected. The two-dimensionality in graphene
can cause enhanced excitonic effects, like the M-point ex-
citon [55,56] or the charge density waves (CDWs) for-
mation (the Peierls transition) as a result of the Fermi
nesting. Especially an interplay between superconductiv-
ity and CDWs seems to be important [57,58]. Namely,
CDWs make a pre-existing environment for superconduc-
tivity [59]. Various strains in graphene have been stud-
ied as a method for the introduction of different broken
symmetry phases. CDWs in graphene have been thor-
oughly investigated both theoretically [60-63] and exper-
imentally [64] showing interesting results. For instance,
the presence of axial magnetic field caused by a buckle
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Fig. 3: (Color online) Comparison of phonon DOS for various
strains.
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Fig. 4: (Color online) Comparison of Eliashberg function for
equibiaxial strain.

strain can lead to realization of CDWs [60]. Also, in CaCg
electron-electron repulsion is dominant within graphene
sheets [64] producing the CDW stripes. In the case of
strained LiG, DOS near the Dirac point gets enhanced
(fig. 2), hence the question about interplay of electron-
electron and electron-phonon interaction can be imposed.
The problem of CDW in graphene, doped and strained, is
discussed comprehensively and its very existence in LiG
is not in conflict with our discussion and results. More-
over, CDW and superconductivity appear together in dif-
ferent systems like high-T, superconductors or intercalated
graphite [57-59] and can be even used as a criterion for
high-temperature superconductivity.

Considerable changes are present in the phonons. In
the phonon dispersion spectrum three regions can be dis-
tinguished: the adatom-related modes are associated with
low-energy regions (0-400 cm™!), where 300-400 cm~! are
Li modes mixed with the out-of-plane carbon modes (C.),
the mid-region (400-900cm~!) can be associated with
C, modes and the high-energy region with carbon-carbon
stretching modes [18]. The main contributions to A come
from the low-energy lithium modes and the carbon vi-
brations along the z-axis, with an additional contribution
from the C-C stretching modes (in agreement with [18]
and [30]).

Phonon density of states (PDOS) as a function of strain
is depicted in fig. 3. Although low-energy modes slightly

0.73

0.55 « LiC6
049 036 0.46

A - graphene
» LiC6 z axis

strain

0014 0019 0024 0031 0.06
0 e ‘
0% 3% 6% 9% 12%

Biaxial tensile strain

Fig. 5: (Color online) Electron-phonon coupling constant be-
havior with tensile equibiaxial strain.

move upwards in energy, the main effect on the electron-
phonon coupling is the softening of graphene high energy
C-C stretching modes. They significantly soften with the
strain. In contrast to non-strained LiG, the stretching
modes have a main influence on A (fig. 4). The Eliashberg
spectral function (fig. 4) describes which phonon modes
couple with the electrons on the Fermi level. The inten-
sity of the Eliashberg function is greatly increased in the
area of the C-C stretching modes, with the strain. This
results in a great increase of A and T,.. For 10% tensile
equibiaxial strain we get A = 0.73 and 7, = 29K. A\ is
presented as function of strain in fig. 5. It is worth men-
tioning that there is a reduction in A for small values of
strain (0-3%) (fig. 5). Particularly, with strain, the C-C
bonds expand, causing a decrease of the Coulomb repul-
sion between the m orbitals and the Li adatom. That
allows the Li adatom to come down toward the center on
the graphene hexagon. As emphasized before, a too small
intercalant-graphite layer distance in the GIC is destruc-
tive for superconductivity. On the other hand, this effect
vanishes for larger strains, while an increase in T,, even
up to three times larger than the value reported for non-
strained LiG, can be observed. This effect is associated to
an overlap of the carbon 7 and the Li orbitals.

For small strain, the Li adatom drops down toward the
center of hexagon and its orbitals overlap more with the
carbon 7 orbitals. That causes an increase in charge trans-
fer and emptying of the interlayer band, which reduces .
When more strain is applied, the carbon bonds are elon-
gated and the 7 orbitals move away, both from each other
and the center of the hexagon. The orbital overlap is re-
duced, and after the certain critical value, A increases,
following the strain (circle in fig. 5). In order to corrobo-
rate this interpretation, we perform two additional calcu-
lations: the calculation on non-strained graphene, where
the Li adatom position is shifted along the z-axis; and the
second one with the strained pristine graphene. Here it is
proven that an increase of A is a mutual effect of strain
and doping. For the first calculation, the 7 orbitals remain
fixed in their positions (since there is no strain). The over-
lap with the Li and 7 orbitals increases and one can clearly
see that A is decreased (violet triangles in fig. 5) due to
an approach to the charge transfer completion and emp-
tying of the interlayer band. The effects of the strain on
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Fig. 6: (Color online) ELF (electron localization function) for
LiG with strain: (a) ELF for LiG without strain on the zy
plane; (b) ELF for LiG without strain on the zz plane; (c) ELF
for LiG for 5% strain on the zy plane; (d) ELF for LiG for 5%
strain on the zz plane; (e¢) ELF for LiG for 10% strain on the
zy plane; (f) ELF for LiG for 10% strain on the zz plane.
In panels (a), (¢) and (e) we can see slight changes in ELF
projected on the zy plane, localization region at Li adatom
is enlarged. In panels (b), (d) and (f) are shown effects of
strain, projected on the xz plane. Notable change is present for
10% of strain, where electron localization region is significantly
lowered due to the described effects.

the pristine graphene X\ are also depicted in fig. 5 (orange
squares). Graphene has a very small A which is increased
with strain almost four times, but effect of this enhance-
ment is negligible (A = 0.06).

On the other hand, fig. 6 presents the effects of the
different strain on electronic localization function (ELF).
The significant changes for the large strain are presented,
proving the above-described effects. For ELF at 10% of the
strain, the electron localization region is greatly lowered
as graphene and adatom separate one from another and
as a C-C bond are elongated.

As expected, the strain alone will not boost the A con-
siderably, nor the doping itself. A complex mechanism of
the enhancement is a mutual effect of the mechanical ef-
fects with the presence of the interlayer level, all owing
to the unique structure of graphene. For the notable en-
hancement of A\ the presence of both the adatom and the
strain is essential.

Conclusions. — In this work, using DFT, we have stud-
ied the effects of tensile equibiaxial strain on the enhance-
ment of A in the LiG. Since no symmetry is broken, there
are no major changes in the electronic structure of the
system. On the other hand, strain softens the phonon
modes significantly. The critical temperature is enhanced
by the strain, up to 7, = 29 K where the electron-phonon

coupling constant is 0.73. We conclude that both the
presence of the adatom and the strain are necessary for
the enhancement of \. It is important to stress that this
increase in T, achieved by the described mechanism, can
be experimentally realized. A pristine graphene is ex-
perimentally confirmed to be elastically stretchable up to
25% [37]. A recent study confirms the fabrication of the
intercalated graphene [65] which additionally raises an in-
terest in such compounds and their properties. Therefore,
an experimental realization of the high-T, superconduct-
ing intercalated graphene is to be anticipated, opening a
completely new field of graphene applications.

X ok ok

DFT calculations are performed using computational
resources at Johannes Kepler University, Linz, Austria.
This work was supported by the Serbian Ministry of Ed-
ucation, Science and Technological Development under
project OI 171005. This research is also supported by
Qatar National Research Fund, cycle seven, (QNRF)
under grant No. NPRP 7-665-1-125.

REFERENCES

[1] NovoseLov K. S., GEmM A. K., MOrozov S. V., JIANG
D., Zuanc Y., DuBonos S. V., GRIGORIEVA I. V. and
Firsov A. A., Science, 306 (2004) 666.

[2] KATSNELSON M. I., NovoseLov K. S. and GEIM A. K.,
Nat. Phys., 2 (2006) 620.

[3] KATSNELSON M. 1., Eur. Phys. J. B, 51 (2006) 157.

[4] RusiN T. M. and ZAWADZKI W., Phys. Rev. B, 78 (2008)
125419.

[6] ZHANG Y., TAN Y., STORMER H. L. and Kim P., Nature,
438 (2005) 201.

[6] NovosELov K. S., JIANG Z., ZHANG Y., MoOROzOV
S. V., StTorMER H. L., ZEITLER U., Maan J. C.,
BOEBINGER G. S.;, Kim P. and GEmm A. K., Science,
315 (2007) 1379.

[7] P1scaNEC S., Lazzert M., MAURI F., FERRARI A. C.
and ROBERTSON J., Phys. Rev. Lett., 93 (2004) 85503.

[8] Zuou S. Y. et al., Nat. Mater., 6 (2007) 770.

[9] P1saNa S., Lazzerl M., CasiRAGHI C., NOVOSELOV K.

S., GEmm A. K., FERRARI A. C. and MAURI F., Nat.

Mater., 6 (2007) 198.

ZuA0 E. and PARAMEKANTI A., Phys. Rev. Lett., 97

(2006) 230404.

Roy B. and HerBuT I. F., Phys. Rev. B, 82 (2010)

035429.

HONERKAMP C., Phys. Rev. Lett., 100 (2008) 146404.

NANDKISHORE R., LEviTOV L. S. and CHUBUKOV A. V.,

Nat. Phys., 8 (2012) 158.

Hosseint M. V. and ZAREYAN M., Phys. Rev. Lett., 108

(2012) 147001.

[15] Roy B. and Juricic V., Phys. Rev. B, 90 (2014) 041413.

16] Vucicevic J., GOERBIG M. O. and MILOVANOVIC M.

V., Phys. Rev. B, 86 (2012) 214505.

EINENKEL M. and EreTov K. B., Phys. Rev. B, 84

(2011) 214508.

(10]
(11]

[12]
[13]

[14]

[17]

67005-p5



Jelena Pesié et al.

18]
(19]
20]
(21]

22]

23]
24]

[25]

[26]
27]
(28]
29]
[30]
31]
[32]
(33]
[34]

[35]

(36]
(37]

(38]

39]

[40]

(41]

42]

[43]

PROFETA G., CALANDRA M. and MAURI F., Nat. Phys.,
8 (2012) 131.

LozoviK Y. and SOKOLIK A., Phys. Lett. A, 374 (2010)
2785.

MAZIN I. and BALATSKY A., Philos. Mag. Lett., 90 (2010)
731.

DIETEL J., BEZERRA V. H. F. and KLEINERT H., Phys.
Rev. B, 89 (2014) 195435.

VaLLA T. and PAN Z., Physics and Applications
of Graphene - Ezrperiments, edited by MIKHAILOV S.
(InTech) 2011.

CALANDRA M. and MAURI F., Phys. Rev. Lett., 95 (2005)
237002.

Jisur R. A. and DRESSELHAUS M. S., Phys. Rev. B, 45
(12465).

EMERY N., HEroLD C., D’AsTUTO M., GARCIA V.,
BELLIN C., MARECHE J. F., LAGRANGE P. and LOUPIAS
G., Phys. Rev. Lett., 95 (2005) 087003.

DRESSELHAUS M., DRESSELHAUS G., EXLUND P. and
CHUNG D., Mater. Sci. Eng., 31 (1977) 141.
AtTACCALITE C., WIRTZ L., LAZZERI M., MAURI F. and
RuBIO A., Nano Lett., 10 (2010) 1172.

WELLER T. E.; ELLERBY M., SAXENA S. S., SMITH R.
P. and SKIPPER N. T., Nat. Phys., 1 (2005) 39.

SAVINI G., FERRARI A. C. and GIUusTINO F., Phys. Rev.
Lett., 105 (2010) 037002.

CALANDRA M., PROFETA G. and MAURI F., Phys. Status
Solidi B, 12 (2012) 2544.

SzczNIAK D., DURrRAJSKI A. P. and Szczniak R., J.
Phys.: Condens. Matter, 26 (2014) 255701.
KALONI T. P, BALATSKY A. V.
SCHWINGENSCHLOGL U., EPL, 104 (2013) 47013.
GuzMAN D. M., ALvyAuyaer H. M. and Jisur R. A.; 2D
Mater., 1 (2014) 021005.

N1 Z. H., YuT., Lu Y. H, WANG Y. Y., FENG Y. P.
and SHEN Z. X., ACS Nano, 11 (2008) 2301.

Huanc M., YAN H., CHEN C., SoNG D., HEinz T. F.
and HONE J., Proc. Natl. Acad. Sci. U.S.A., 106 (2009)
7304.

PEREIRA V. M., CASTRO NETO A. H. and PERES N. M.
R., Phys. Rev. B, 80 (2009) 045401.

Lee C., WEI X., KysAar J. W. and HONE J., Science,
321 (2008) 385.

Dinag F., J1 H., CHEN Y., HERKLOTZ A., DORR K.,
MEI Y., RAasTELLI A. and ScaMIDT O. G., Nano Lett.,
10 (2010) 3453.

MoHIupDpIN T. M. G. et al., Phys. Rev. B, 79 (2009)
205433.

LEvy N., BURKE S. A., MEAKER K., PaNLAsIGUI M. L.,
ZETTL A., GUINEA F., NETO A. H. C. and CROMMIE M.
F., Science, 329 (2010) 544.

GuINEA F., KATSNELSON M. I. and GEM A. K., Nat.
Phys., 6 (2009) 30.

TeAGUE M. L., Lat A. P., VELAScO J., HUGHES C. R.,
BEYER A. D., BockraTH M. W., LAaUu C. N. and YEH
N.-C., Nano Lett., 9 (2009) 2542.

Huang M., PascaL T. A., Kim H., GODDARD W. A.
and GREER J. R., Nano Lett., 11 (2011) 1241.

and

[44]

[45]
[46]
[47]
[48]
(49]

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

(65]

67005-p6

Fu X.-W., Liao Z.-M., Zuou J. X., ZHou Y.-B., Wu
H.-C., Zuanc R., JinG G., Xu J., Wu X., Guo W. and
Yu D., Appl. Phys. Lett., 99 (2011) 213107.

X140 D., YAO W. and N1U Q., Phys. Rev. Lett., 99 (2007)
236809.

Gur G., L1 J. and ZHONG J., Phys. Rev. B, 78 (2008)
075435.

MARIANETTI C. A. and YEVICK H. G., Phys. Rev. Lett.,
105 (2010) 245502.

PERDEW J. P. and ZUNGER A., Phys. Rev. B, 23 (1981)
5048.

GianNnNozzl P. et al., J. Phys.:
(2009) 395502.

KoOTLIAR G. et al., Rev. Mod. Phys., 78 (2006) 865.
LAzzeRI M., ATTACCALITE C., WIRTZ L. and MAURI F.,
Phys. Rev. B, 78 (2008) 081406.

BorysenkO K. M., MurLrLeN J. T., BARry E. A.,
PauL S., SEMENOV Y. G., ZAavADA J. M., NARDELLI
M. B. and Kim K. W., Phys. Rev. B, 81 (2010)
121412(R).

ALLEN R. B. and DYNEs R. C., Phys. Rev. B, 12 (1975)
3.

CHaN K. T., NEaTON J. B. and COHEN M. L., Phys.
Rev. B, 77 (2008) 235430.

Markovic A., Rarevic U., Isic G., JAKOVLJEVIC
M. M., Vasic B., JovanNovic Dj., MirLosevic 1.,
MARKovVIC D. and GaJic R., Phys. Scr., T149 (2012)
014069.

MATkoOvIC A.; BELTAOS A., MILICEVIC M., RALEVIC U.,
Vasic B., JovaNovic DJ. and GaJic R., J. Appl. Phys.,
112 (2012) 123523.

Siva NETO E. H., AynaJian P., Frano A., CoMmIN R.,
ScHIERLE E., WESCHKE E., Gyenis A., WEN J.,
SCHNEELOCH J., XU Z., ONO S., GU G., LE TAcoN M.
and YAZDANI A., Science, 343 (2014) 6169.

CoMIN R., Frano A., YEE M. M., YOSHIDA Y.,
Eisaki H., SCHIERLE E., WESCHKE E., SUTARTO R.,
HE F., SOUMYANARAYANAN A., HE YANG, LE TACON
M., Errimov 1. S.; HOFFMAN J. E.; SAWATZKY G. A.,
KEIMER B. and DAMASCELLI A., Science, 343 (2014)
6169.

CHANG J., BrackBurN E., HorLmes A. T,
CHRISTENSEN N. B., LARSEN J., MEsoT J., LIANG
R., Bonn D. A., HArRDY W. N., WATENPHUL A.,
ZIMMERMANN M. v.; FORGAN E. M. and HAYDEN S.
M., Nat. Phys., 8 (2012) 871.

Roy B. and Sau D. J., Phys. Rev. B, 90 (2014) 075427.
Kotov N. V., UcHoA B., PEREIRA M. V., GUINEA F.
and CASTRO NETO A. H., Rev. Mod. Phys., 84 (2012)
1067.

KHEVSHCHENKO D. V., Phys. Rev. Lett.,, 87 (2001)
246802.

TOKE C. and FAL'KO V. 1., Phys. Rev. B, 90 (2014)
035404.

RanNeJAT K. C., HOWARD C. A., SHUTTLEWORTH N.
E., ScHoriELD S. R., IwavyAa K., HIRJIBEHEDIN C.
F., RENNER CH., AEppPLI G. and ELLERBY M., Nat.
Commun., 2 (2011) 558.

YANG S. L. et al., Nat. Commun., 5 (2014) 3493.

Condens. Matter, 21



A LeTTERS JouRNAL EXPLORING
THE FRONTIERS OF PHYSICS

December 2015

EPL, 112 (2015) 67006
doi: 10.1209/0295-5075/112/67006

WwWww.epljournal.org

Density functional theory study of phonons in graphene doped

with Li, Ca and Ba

JELENA PESIC!, VLADIMIR DAMLIANOVIG!, RADOS GAJI¢!, KurT HINGERL? and MiLivos BELIG3

L Institute of Physics, University of Belgrade - Pregrevica 118, 11080, Belgrade, Serbia
2 Center of Surface and Nanoanalytics, Johannes Kepler University - Linz, Austria
3 Science Program, Texas A&M University at Qatar - P.O. Box 23874, Doha, Qatar

received 22 September 2015; accepted in final form 4 January 2016

published online 19 January 2016
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PACS 63.22.Rc — Phonons in graphene

PACS 63.20.D- — Phonon states and bands, normal modes, and phonon dispersion

Abstract — Vibrational frequencies and phonon displacement patterns of the H-site doped
graphene are calculated by the density functional theory (DFT). DFT calculations, as well as
the group theory study, are used to describe these structures as interesting materials for single
layer superconductivity. In this paper, graphene doped with Li, Ca and Ba adatoms is systemati-
cally analysed and compared. Due to the effect of zone folding, displacement patterns of calculated
modes correspond to the ones of the K and I' point phonons of graphene and this offers the pos-
sibility for comparison with the experimental results for graphene. Our objective was to provide
compendious and practical guidelines for the experimental research and characterization of these

structures.

Copyright © EPLA, 2015

Introduction. — Graphene, an atom thick honey-
comb lattice of carbon atoms, for the past ten years has
been rapidly changing materials science. Ever since its
discovery [1] in 2004, graphene’s unique properties and
interesting phenomena, like quantum Hall effect [2,3],
Klein tunneling [4] and electronic correlations [5] have
been drawing the attention of the scientific population.
The mutual influence of electrons and phonons in graphene
is a highly debated topic and the origin of some very in-
teresting phenomena. The semi-metallic character of its
electronic structure is an important issue in understand-
ing the behavior of phonons. The atomic vibrations are
partially screened by electrons but in metal this screen-
ing can change rapidly for vibrations associated with cer-
tain ¢ points which are determined by the shape of the
Fermi surface [6]. Graphene is a material where the adi-
abatic Bohr-Openheimer approximation [7] is no longer
valid, which means electrons relax non-adiabatically to the
lattice motion and that leads to the softening of phonon.
Such anomalous behaviour of phonon dispersion is called
Kohn anomaly [6]. It may occur only for ¢ such that
there are two electron states, k1 and ko = k1 + ¢, both on
the Fermi surface [8]. For graphene, the electronic gap is
zero only at two Brillouin zone points K and K’ = 2K

so we know that the Kohn anomaly occurs at ¢ = I" and
¢ = K. The Kohn anomaly can be experimentally ob-
served in graphene with Raman spectroscopy (I' point)
[6,9-11].

The opto-electronic properties of graphene and graphite
are directly affected by their environmental conditions
and adatoms in graphene. As a result, the phonons
appearing because of the structural re-arrangement of
the system tend to change and displace as a func-
tion of doping, strain and electronic conditions in the
structure [12]. Moreover, the theoretical studies treat-
ing superconductivity [13,14] indicate that the dominant
pairing mechanism is an electron-phonon interaction [15].
Graphite intercalation compounds (GICs) [16,17] show
various fascinating physical properties which pristine
graphite lacks, and intercalation of graphene offers
new possibilities for both applications and fundamental
research. Superconductivity has been discovered in the
bulk graphite intercalated with calcium (T, = 11.5K)
or ytterbium (7. = 6.5K) [16,18,19]. The recent stud-
ies of graphene doping with the alkali metals and a
comparison to GICs, both theoretical and experimental,
have brought up new exciting questions, like supercon-
ductivity in low-dimensional systems [20-23]. With regard
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to fundamental research, the most interesting question
is a recent prediction that Li covered graphene (LiCg-
mono) is superconducting [22,24,25]. The Li intercalated
graphite is debated to be superconducting, with the the-
oretical predicted critical temperature of 0.9K [24] but
an experimental realization was never demonstrated [26].
The more interesting phenomenon is superconductivity in
the two-dimensional limit, where the Li-doped graphene
has the critical temperature of 8.1K [24]. In this pa-
per, we used DFT to calculate vibrational frequencies
and displacement patterns at the I' point for Li, Ca and
Ba-doped graphene (LiCg-mono, CaCg-mono and BaCg-
mono, respectively). These materials have been stud-
ied for their superconducting properties [22,24,25,27,28].
Describing phonons in the doped monolayer graphene is
important for the understanding of the electron-phonon
coupling and the appearence of superconductivity in this
materials. The dopant-related vibrations are crucial for
achieving superconductivity [29] and phonon softening is
shown to be an indication of a strong electron-phonon cou-
pling enhancing superconductivity [25]. A detailed descrip-
tion, as in this paper, could be used as a practical guide
for an experimental research, identifying and characteriz-
ing these materials, and as a theoretical ground for further
research. The recent experimental and theoretical studies
of the electron-phonon coupling and superconductivity in
single layer iron-selenides [30,31] strengthen the need for
a quality description of phonons in the monolayer super-
conductive structures, like the doped monolayer graphene.
Due to the fact that DFT and DFPT (density functional
perturbation theory [32]) (used for this work) are based on
the adiabatic Born-Oppenheimer approximation, which is
not sufficient for the study of the Kohn anomaly, necessary
analytical corrections are required for certain modes. The
group theory methods are additionally used to support
the calculation. Finally ab initio results are compared to
experimental data for graphene.

Computational details. — All results reported here
are obtained from the first-principles calculations, DF'T in
the local density approximation (LDA), using the Quan-
tum Espresso program package [33]. The ionic positions in
the cell are fully relaxed, in all calculations, to their min-
imum energy configuration using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm. The hexagonal cell
parameter ¢ was set to ¢ = 12.5A in order to simulate
a two-dimensional system and avoid an interaction due
to periodicity. The norm-conserving pseudopotential [34]
and the plane wave cutoff energy of 65-75 Ry are used
in the calculation, accordingly convergence is achieved
with an error less than 1% for all calculated frequencies,
by varying values of the plane wave energy cutoff. The
unit cell for the H-site doped monolayer was modeled in
the v3 x v/3R60° in-plane unit cell, consisting of one
adatom placed above the center of the carbon hexagon.
According to the DFT study [35], the favorable adsorp-
tion site, for Li, Ca and Ba adatoms on the surface of

graphene, is above the center of the graphene hexagon
called H-site. This configuration has been theoretically
studied as an optimal structure [22,24] and experimentally
realised for the Li-doped monolayer [23] and Ca-doped bi-
layer graphene [21]. The adatom-graphene distance for
LiCg-mono is h = 1.8 A, for CaCg-mono h = 2.04 A, for
BaCg-mono h = 2.17A. The phonon frequencies are de-
termined by the DFPT for evaluating the effects of the
adatoms on the phonon spectrum. All calculations are
performed at the I' point of the Brillouin zone. The sym-
metry groups of these structures are Dg80 = T Dgy, for
pristine graphene and Dg77 = T'Cg, for graphene doped
at the H-site [36,37]. All groups are diperiodic (i.e. Dg)
and represented as a semi-direct product of the transla-
tional subgroup 7" and a point group. Translational sub-
groups of these symmetry groups need not to be mutually
identical.

Results and discussion. — Total energies for all con-
sidered structures and graphene are calculated and, as ex-
pected, graphene doped at the H-site has a higher total
energy than graphene. This does not represent an obsta-
cle for stability. If the provided reservoir of adatoms is
large enough, adatoms will be adsorbed in graphene, be-
cause the thermodynamical potential is a grand-canonical
one and then becomes minimized:

—kpTh Z = & = (E) — TS — u(N). (1)

The transfer of the adatoms on the graphene will reduce
Z, even if p is small.

We begin with the group theory discussion and the sym-
metry assignment of the modes. The symmetry group
Dg77 = T'Cg, of the H-site adatom doped graphene is
a subgroup of the diperiodic group Dg80 = T Dgy, a
symmetry group of graphene. In order to find which of
the phonon modes of the H-site adatom doped graphene
monolayer corresponds to a certain phonon mode of
graphene, it was necessary to reduce the corresponding
irreducible representation of group Dg80 to its subgroup
Dg77. For the modes belonging to the I' point:

T Ey,(Dg80) | Dg77 = TE,,

2
I'By,(Dg80) | Dg77 = 'B;. @

(4 is the notation for the subduction operation). Since the
translational subgroup of these diperiodic groups is rep-
resented by the number one in irreducible representations
belonging to the I' point, the formulae (2) are obtained us-
ing the point group character tables (see, e.g., [38]). For
the modes belonging to the K point, the characters of
Dg80 for irreducible representations at this point [39] are
necessary. The reduction procedure gives

K A/ (Dg80) | Dg77 =T A, +T'Bs,

K Ay(DgR0) | Dg77 =T Ay + I'By,
KF'(DgR0) | Dg77 = KE"(Dg80) | Dg77 =
T'Ey + T Es.

(3)
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The modes of graphene with a similar displacement pattern are denoted in parentheses.

Therefore, the modes I'By,, T'Ey,, KA|, KA,, KE',
KE" of graphene correspond to the modes By, Fy, A1 and
By, Ay and By, E7 and Es, F; and E5 for the graphene
doped at the H-site, respectively. There is a perfect
agreement with the irreducible representation shown in
figs. 1-3. T" is a translational subgroup of Dg77 while T is
translational subgroup of Dg80. T is a subgroup of T" such
that for all elements of 7" the phase factor cos(kx - R) is
equal to one. This factor appears in the characters of irre-
ducible representations of Dg80 for the K point [39]. The
vibrational frequencies and displacement patterns for the
LiCg-mono, CaCg-mono, BaCg-mono are shown in fig. 1,
fig. 2, fig. 3, respectively (visualization [40]). For all com-
pounds, true acoustic mode (with w = 0 at the I" point)
are not represented. Also, modes where Kohn annomaly is
present are not presented. For all H-site doped graphene,
the two lowest modes can be related to three acoustic
modes of graphene. Therefore, their frequencies are the
lowest. The remaining modes have displacement patterns

similar to graphene phonons at the I' and K points. This
is indicated in fig. 4 (Kohn anomaly is marked with red)
and it is a consequence of the Brillouin zone folding. The
K point of graphene became equivalent to the I'" point of
H-site doped graphene, due to the reduction of the basis
vectors length in the reciprocal space [17]. This reduction
is caused by an increase in the size of the primitive cell
in direct space, as depicted in fig. 5. The K point of the
Brillouin zone (BZ) of graphene is folded to the I' point
of the reconstructed BZ in the H-site doped graphene and
the phonon bands at the I' and K points in graphene are
ascribed to the folded superstructure, as shown in fig. 4.
The T' point is the same for both structures. The dis-
placement patterns of phonons at high symmetry points
of the BZ of monolayer graphene can be determined solely
by symmetry arguments [41-43]. For the complete system
of eigenvectors of the honeycomb lattice at the I' and K
points, see ref. [43]. There are several reports on the exper-
imental realization of doped graphene [29,44-46]. None of
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Fig. 4: (Color online) Comparison of calculated vibration fre-
quencies for various stacking and experimental data. Modes
which require non-adiabatic corrections are marked in red. The
experimental values are taken from ref. [47].

them contains Raman or infra-red spectra of these struc-
tures. Therefore, we compared our results with inelastic
X-ray scattering experiments on graphite [47]. In this pa-
per graphite is considered as a system of weakly interact-
ing graphene sheets. The bonds between the two carbon
atoms in the plane are much stronger than the weak van
der Waals interactions between the layers. The graphite
phonon modes correspond approximately to the in-phase
and out-of-phase vibrations of the two graphene planes.
Most of the phonon branches in graphite are almost the
same as in graphene [6,47]. The group of wave vectors
for all H-site doped graphene at the I' point is Cg,. The
modes of Es symmetry are Raman active while those of
the A; and E; symmetries are both Raman and infra-
red active. According to ref. [47], the experimentally de-
termined values for phonon frequencies are 542cm™!,
867cm™!, 1007cm™!, 1218 cm™!, 1576 cm™!, for KE",
I'Byy, KA, KE', TE,,, respectively, while the KA}
mode is unresolved (its value is known from other ab ini-
tio calculations, and it is 1310cm™~! [6]). If we compare
our calculated modes with experimental data [47], small
discrepancies exist due to the presence of the adatoms.
Significant discrepancies can be seen for modes related
to the Kohn anomaly. In graphene, the Kohn anomaly
exists in Ep, and KA} modes due to strong electron-
phonon coupling. The fact that the Kohn anomaly can
be observed in a two-dimensional system is quite remark-
able since this phenomenon is typical for one-dimensional
systems. The Kohn anomaly can be observed and mea-
sured using Raman spectroscopy [6]. As mentioned before,
the zone folding effects in graphene occur because the
graphene’s unit cell consists of two carbon atoms, where
the presence of an additional adatom enlarges the unit
cell. This affects the electron [21] and phonon configura-
tion as well. Comparing the phonon dispersion relations

by

Fig. 5: (Color online) (a) Unit cell of pristine graphene (black)
and H-site doped graphene (red); (b) corresponding BZ.

of the pristine and doped graphene, the phonon bands
along the 'K direction in graphene correspond to the
ones at the H-site doped graphene along the T'MT” di-
rection. A small shift in energies can be observed due
to the adatom presence. In the phonon dispersion rela-
tions of doped graphene one can distinguish three regions:
the low-energy region (0-400cm~!) with the adatom-
related modes, the mid-energy region (400-900 cm~1!) can
be associated with the C, and the high-energy region con-
sisting of the carbon-carbon stretching modes [24]. Com-
paring the phonon dispersion bands, like in fig. 6 for
graphene and LiCg-mono, one can see how, due to the
zone folding, graphene’s I' and K point modes correspond
to the I' modes of the H-site doped graphene with small
discrepancies which originate due to the presence of an
adatom. For the graphene’s out-of-plane optical phonon
(T at 867cm™~! [47]) and the corresponding H-site doped
graphene’s mode there is a discrepancy in energies which
depends on the type of adatom (different shifts appear
for the Li, Ba and Ca doping). A similar behaviour
appears for the two optical in-plane modes of graphene
and its corresponding H-site doped ones. Due to the
zone folding, it is also expected that the Kohn anomaly
will be also present in modes which are related to these
two. All frequencies in this paper are computed by the
static perturbation theory of the DFT energy, from the
linearized forces acting on the atoms due to the static
displacement of the other atoms from their equilibrium
positions. As stated, a DFT approach is based on the
adiabatic Born-Oppenheimer approximation, which is bro-
ken for graphene so modes where the Kohn anomaly ap-
pears require a dynamic approach, i.e. time-dependent
perturbation theory. As a conclusion, our calculated fre-
quencies, for modes where the Kohn anomaly does not
exist, are in a satisfying agreement with those reported
in [47]. There is a discrepancy around 10% (10-90 cm~!
depending on the mode) between experimental results
for graphene presented in [47] and calculated energies of
graphene-related modes, that we can attribute to the pres-
ence of the adatom in H-site doped graphene. The occur-
rence of non-adiabatic effects in the GIC is observed and
studied [48] thoroughly. In Li, Ca and Ba GIC, for modes
with present Kohn anomaly, non-adiabatic correction is
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Table 1: Raman tensors and symmetry classification of optical modes for doped monolayer graphene.

Raman tensors

raphene Aig Eig B
Dg80p—TD a 0 0 00 0 0 0 —c d 0 0 0 —d 0
gOﬂCf*h 0 a 0 00 ¢ 0 0 0 0 —d 0||=d 0 o0

z 6 -

ool 00 b 0 ¢ 0 c 0 0 0 0 0 0 0 0

A, E, E,

DWAf‘TC a 0 0 00 ¢\ /0 0 0 d 0 0 0 —d 0
gOﬂCGU 0 a 0 00o0|lo 0 ¢ 0 —d 0| =d 0 o

= 11¢6 0 0 b c 00 0 ¢ 0 0 0 0 0 0 0
Oac”Uv

Optical modes
Ao Fopt:2A1+A2+2B1+BQ+3E1+3E2

less than 20%. (Aw for F, mode in Li GIC is 218 cm™!,
Ca GIC is 83cm~! and for Ba GIC is 59cm~! [48].) It
is expected that the doped graphene has the same correc-
tion since we considered graphite as a system of weakly
interacting graphene sheets. In all cases, the vibrational
frequencies for modes with displacement pattern similar
to the corresponding phonon in monolayer graphene are
almost the same. The frequency splitting is due to the
presence of the adatoms. The Raman tensors and optical
modes [49] for all considered structures are summarized in
table 1.

Conclusions. — In summary, by using DFT, we have
calculated the vibration frequencies and displacement pat-
terns of the I" point phonons for monolayer graphene
doped with lithium, calcium and barium. We found that
they have a similar displacement pattern as those for
graphene at the I' and K points. We presented the group
theoretical analysis that demonstrates the correspon-
dence between phonon modes of graphene and the H-site
doped graphene. A satisfying agreement with experimen-
tal data [47] additionally supports these calculations. The
results provided in this work are important for the char-
acterization of those structures and their further investi-
gation and application. Graphene doped with other alkali
adatoms, in a manner of GIC, is an interesting direction

for future research. A recent study [23] has shown
the first successful experimental realisation of monolayer
Li-doped graphene. Using angle-resolved photoemission
spectroscopy (ARPES) it is shown that Li deposited
on graphene at low temperature strongly modifies the
phonon density of states, leading to an enhancement of
the electron-phonon coupling, which is the first experi-
mental proof of superconductivity in graphene. Hopefully
our work will stimulate further experimental studies for
doped graphene and its remarkable properties.
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Abstract Ab-initio calculations based on density functional theory have been performed
to study the optical properties of the Li intercalated graphene and MoS,. Comparative
study of imaginary part of dielectric function for the Li doped, pristine graphene mono-
layer and their bulk counterparts has been done. The dielectric matrix has been calculated
using the Quantum Espresso software package and its postprocessing code epsilon.x. The
presented results show reliable qualitative description especially for computationally
inexpensive calculation.

Keywords Graphene - Optical properties - MoS, - DFT

1 Introduction

In the past ten years the discovery of the graphene (Novoselov et al. 2004) and other 2D
materials had started a completely new chapter in the material science. Graphene, a single
atomic layer of carbon atoms arranged in a honeycomb lattice, has been attracting a
remarkable attention for its unique properties (Zhang et al. 2005; Novoselov et al. 2007;
Katsnelson et al. 2006; Kotov et al. 2012) ever since it was successfully isolated in 2004.
Graphene’s specific electronic structure and unique combination of the optical electronic
properties have risen numerous investigations of its optoelectronic properties and possible
applications in photonics, energy applications and detectors. Graphene electrical conduc-
tivity and visual transparency makes it excellent candidate for ITO replacement in touch
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screen technology. Graphitic films (films of various thicknesses, monolayer to ultrathin
graphite) are explored for its possible applications in optoelectronics. Several studies have
presented excellent performances of graphene films of 30 Q per square at 90 % trans-
mittance for doped four layer CVD graphene (Bae et al. 2010) and 10 kQ per square at
78 % transmittance in the visible, for large-scale liquid exfoliated graphene LBA films
(Matkovic¢ et al. 2016). It is known that optical transmittance of graphite increases upon
metallization by intercalation with e.g caesium (Hennig 1965). This unusual property
results from the unique band structure of the graphene layer; intercalation heavily dopes
ultrathin graphite, shifting the Fermi level upward more than any other band engineering
method (Hennig 1965; Khrapach et al. 2012; Wang et al. 2008; Efetov and Kim 2010)
suppressing interband optical transitions due to Pauli blocking thus increasing transmit-
tance of light in the visible range. Intercalation of atoms into layered materials is a well
known method for providing new properties that are usually distinctly different from those
of the pristine materials. Specially interesting is the intercalation of graphene with alkali
metals (Wang et al. 2009; Kim et al. 2009; Reina et al. 2009; Buldum and Tetiker 2013;
Profeta et al. 2012; Pesic et al. 2015). Graphene doped with Li is well-studied for energy
storage applications such are Li-ion batteries and supercapacitators (Wang et al. 2009; Kim
et al. 2009; Elias et al. 2009; Kim et al. 2008; Sekitani et al. 2008; Szczniak et al. 2014).
Graphene intercalation is even more interesting knowing that doped graphene can be
atomic thin superconductor (Profeta et al. 2012; Szczniak et al. 2014; Calandra and Mauri
2005; Pesi¢ et al. 2014; Durajski 2015a; Margine and Giustino 2014; Si et al. 2013). Li
doped graphene, since its very recent experimental realization (Ludbrook et al. 2015) has
been drawing even more attention, first its theoretical prediction and afterwards its
experimental realisation, has inspired search for other new 2D superconductors and their
behaviour (Eom et al. 2006; Durajski 2015b; Penev et al. 2016). With all above considered,
graphene doped with Li is interesting for many applications, from energy storage to
optoelectronic and detail description of its optical properties is an important topic. Li
doped graphitic materials are studied for optical properties, mostly in form of the ultrathin
films(3—-60 layers) (Bao et al. 2014), inspired by its recent experimental realization
(Ludbrook et al. 2015), and we focus on graphene monolayer doped with Li, in a manner
similar to intercalated graphite. Interest for application of other 2D materials in opto-
electronics grown with experimental realisation of MoS, (Mak et al. 2010). The MoS,
monolayer is a member of transitional metal dichalcogenides 2D materials family, and it
has a hexagonal structure, like graphene, with the monoatomic Mo plane placed between
two monoatomic S planes, and it displays some interesting electronic and photocatalytic
properties (Sivek et al. 2013; Liu et al. 2010) Unlike the graphene, which does not have a
band gap, a property essential for many optical applications, MoS, is direct-gap semi-
conductor (Mak et al. 2010) which opens possibilities for many optical applications. In this

Fig. 1 Model of intercalated graphene and MoS,
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paper we study optical properties of graphene doped with lithium and MoS, (as shown in
Fig. 1), in particular we discuss the imaginary part of dielectric function, using approaches
based on DFT, implemented in the Quantum Espresso software package (Giannozzi 2009).
We are interested in the study of the optical properties of this two materials using DFT as a
computational inexpensive method for the qualitative description. First, we study MoS,
and compare it with existing studies in order to approve this technique as sufficient for
study and then we investigate graphene doped with Li and compare it with pristine
graphene.

2 Computational details

For presented analysis, Quantum Espresso code (Giannozzi 2009), based on DFT, was
used. The approach is based on an iterative solution of the Kohn—Sham equations of the
DFT in a plane-wave basis set. The unit cell for Li-intercalated graphene was modeled in
the v/3 x v/3 R60° in-plane unit cell, and consists of one adatom atom placed above the
center of the carbon hexagon. The ionic positions in the cell are fully relaxed, in all
calculations, to their minimum energy configuration using the Broyden-Fletcher—Gold-
farb—Shanno (BFGS) algorithm. The hexagonal cell parameter ¢ was set to ¢ = 12.5 A in
order to simulate a two-dimensional system and to avoid an interaction due to periodicity.
According to the DFT study (Ji et al. 2013) the favorable adsorption site, for the Li adatom
on surface of the graphene, is above the center of the graphene hexagon called H-site. The
norm-conserving pseudopotential (Perdew and Zunger 1981) and the plane wave kinetic
energy cutoff of 65 Ry were used in the calculation of Li-intercalated graphene. The
uniform k-point grid was composed of 4096 points in the first Brillouin zone. For MoS,,
GGA exchange-correlation functional, Perdew—Burke—Ernzerhof (PBE) (Krack 2005) was
used for relaxation of the system. Also, similar as in graphene, to avoid periodicity effects,
20 A vacuum between layers was added. The plane wave kinetic energy cutoff of 50 Ry
was used and the uniform k-point grid was composed of 4096 points in the first Brillouin
zone. Dielectric function e(w) was calculated, in range 1-20 eV, within the framework of
the random-phase approximation (RPA) (Brener 1975) based on DFT ground-state cal-
culations, starting from eigenvectors and eigenvalues, implemented in Quantum Espresso
code as epsilon.x post-processing utility. Matrix elements were accounted only for inter-
band transitions that can cause an inaccuracy e(w). RPA does not include the nonlocal part
of the pseudo-potential and it is not able to include in the calculation the non-local field
effects and excitonic effects. We are interested in the study of the optical properties of this
two materials using DFT as a computational inexpensive method for the qualitative
description. For more precise and detailed approach many-body theory and its methods are
required (Bethe—Salthpeter equation (BSE) and GW approximtion).

3 Results

The imaginary part of the dielectric function of the MoS,, pristine and Li-intercalated
graphene is calculated (because it can be used to obtain the absorption spectra). The optical
properties have been calculated in the energy range from 1 to 20 eV.

We calculate the dielectric function for the MoS, monolayer. The imaginary part of the
dielectric function of MoS, for the E vector perpendicular to the c axis is presented in the

@ Springer



368 Page 4 of 7 J. Pe  $i¢, R. Gaji¢

green color and E parallel to the ¢ axis is presented in the violet on the Fig. 2. Four distinct
structures on the Fig. 2, at 1 (2.7 eV), 2 (3.7 eV), 3 (4.2 eV) and 4 (5.3 eV) can be
connected to the interband transitions, marked on the inset of the electronic band structure,
with 1, 2, 3 and 4 as well. All the interband transition depicted here are mainly due to the
transition from the p valence bands of S to the d conduction bands of the Mo (Kumar and
Ahluwalia 2012). The peak 1 is determined by the interband transitions from the valence
bands I, II below the Fermi energy to the conduction bands I, II and III above the Fermi
energy along I'M and KT direction. The peak 2 is due the interband transitions from the
valence bands II below the Fermi energy to the conduction bands II and IIT above the Fermi
energy along I'M direction and near the M. The peak 3 exists due to the interband tran-
sitions from the valence bands III below the Fermi energy to the conduction bands II and
IIT above the Fermi energy along KT direction. Peak 4 is determined by the interband
transitions from the valence bands IV below the Fermi energy to the conduction band I
above the Fermi energy in the vicinity of the M high symmetry point. Our calculations are
in agreement with the other similar DFT studies (Kumar and Ahluwalia 2012) and
experimental research as well (Li et al. 2014) but for the more precise results an advance
approach is needed (BSE). By concluding this, we proceed to imaginary part of the
dielectric function of the prisitine and intercalated graphene. Results are presented on the
Fig. 3. For the pristine graphene, there is a significant peak at small frequencies at 4 eV and
another peak at 14 eV. The origin of these peak structures is 1 — n* and ¢ — ¢* interband
transition (Marinopoulos et al. 2004), respectively. Ellipsometry measurements show first
peak is at 4.6 eV (Matkovi¢ et al. 2012; Isi¢ et al. 2011; Kosti¢ et al. 2009) and it is
connected with the van Hove singularity in graphenes density of states (the M point). The
lower value compared to one derived from the experiment, could be due to neglecting of
the interaction between graphene film and substrat and many-body interactions within the
RPA calculation (Trevisanutto et al. 2010; Sedelnikova et al. 2011). There is also present
singularity at zero frequency in (due to metallic property of studied system). Intercalation
did not introduce the band gap so peaks are not shifted as it can be seen on the Fig. 3. The
intensity of peaks obtained in this study cannot be discussed in proper way due to
approximative nature of the used method. The variation in peak heights for the same
material, can be observed in calculations based on various models (Bulusheva et al. 2016).
We can discuss qualitatively, for peak at 4 eV, it is expected that, analogues to bulk
graphite and bulk LiCg, due to the up-shift of the Fermi level, part of the n*-like final
bands in graphite fall below the Fermi level in LiCq and lead to a reduction of the peak

18
—_ 4 L 7]
16 Ellc . ;/><§
14 _ELC < 0‘2 I\ : i 4
L ==
10 E S Ny
o =
W g 6 I a
6 8
4
2
0

0123456 78 91011121314151617 1819202122
Energy [eV]

Fig. 2 The calculated imaginary part of the dielectric function for MoS,
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Fig. 3 The calculated imaginary 8 5 =
part of the dielectric function for 71 — GRAPHENE 3 0 g —
the pristine and intercalated 6 — tic 3. T
graphene for the E vector s & =
perpendicular to the c axis 51 : MK
o 41
w
3
24
1 4
0

0123456 78 910111213141516171819202122
Energy [eV]

height (Chen and Rabii 1985). Similar is expected to happen in graphene and LiCg-
monolayer. Similar effect is discussed in graphene monolayer doped with various amounts
of B and N (Rani et al. 2014). Continuing analogy with LiCg¢ bulk, for other peak a 14 eV,
this structure also corresponds to transitions at graphite, however, due to zone folding, they
correspond to contributions from different regions in the LiCg Brillouin zone (Chen and
Rabii 1985; Eklund et al. 1986).

4 Conclusion

In this paper we have studied the optical properties i.e. the dielectric function of the MoS,
as a monolayer transitional metal dichalcogenidemonolayer and the Li-intercalated gra-
phene, as representative material for the alkali intercalated graphene and important
material for energy and optoelectronic applications, using DFT techniques. We can con-
clude that the Li intercalation in monolayer graphene does not significantly affects the
imaginary part of the dielectric function and hence the absorption spectra. Because of the
similarity in there properties, in Li doped and pristine graphene, we can expect that they
can be used in similar optic application. Experimental data for comparison are not yet
available for LiCe but parallels with graphene and bulk LiCe can be drawn and discusses.
Although used technique qualitatively well describes MoS, and LiCg, effects present in
those materials due to the exitonic effects and interband transitions, demand detail and
advanced approach (but computationally significantly more expensive, time-demanding
and resource-consuming). In technical aspect we can conclude that DFT techniques can be
used for study of the optical properties of these and similar 2D materials, and they provide
the reliable and computationally non-expensive solution (even available for calculating on
personal computer) for the satisfactory qualitative description.
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Abstract

Over the past few years, the expansion of general-purpose graphic-processing unit (GPGPU)
technology has had a great impact on computational science. GPGPU is the utilization of a
graphics-processing unit (GPU) to perform calculations in applications usually handled by the
central processing unit (CPU). Use of GPGPUs as a way to increase computational power in the
material sciences has significantly decreased computational costs in already highly demanding
calculations. A level of the acceleration and parallelization depends on the problem itself. Some
problems can benefit from GPU acceleration and parallelization, such as the finite-difference
time-domain algorithm (FTDT) and density-functional theory (DFT), while others cannot take
advantage of these modern technologies. A number of GPU-supported applications had emerged
in the past several years (www.nvidia.com/object/gpu-applications.html). Quantum Espresso
(QE) is reported as an integrated suite of open source computer codes for electronic-structure
calculations and materials modeling at the nano-scale. It is based on DFT, the use of a plane-
waves basis and a pseudopotential approach. Since the QE 5.0 version, it has been implemented
as a plug-in component for standard QE packages that allows exploiting the capabilities of
Nvidia GPU graphic cards (www.qe-forge.org/gf/proj). In this study, we have examined the
impact of the usage of GPU acceleration and parallelization on the numerical performance of
DFT calculations. Graphene has been attracting attention worldwide and has already shown
some remarkable properties. We have studied an intercalated graphene, using the QE package
PHonon, which employs GPU. The term ‘intercalation’ refers to a process whereby foreign
adatoms are inserted onto a graphene lattice. In addition, by intercalating different atoms
between graphene layers, it is possible to tune their physical properties. Our experiments have
shown there are benefits from using GPUs, and we reached an acceleration of several times
compared to standard CPU calculations.

Keywords: GPU, DFT, graphene, intercalation, first principle

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

Introduction We used Quantum Espresso code and examined the
impact of GPU acceleration and parallelization on the density
A development of general-purpose graphic-processing unit functional theory (DFT) calculations of graphene.
(GPGPU) technology has had great impact on computational

science, and it is shown to be a valuable resource when it

comes to the high-resource-demanding calculations of solid-
state physics. GPGPUs use a graphic-processing unit to per-
form calculations usually handled by the central-processing
unit (CPU).

0031-8949/14/014027+04$33.00

Calculation method

Although GPUs have been an essential part of any computer
for decades, it became much more important during the last

© 2014 The Royal Swedish Academy of Sciences Printed in the UK
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decade of twentieth century. The era of three-dimensional
(3D) graphics in the gaming industry started in the mid-
1990s, but for scientific use, GPUs showed their true potential
in the first years of 2000s when GPU programmability was
introduced.

High-performance computing (HPC) became widely
available thanks to GPU computing and the fact that it
brought the performance of the most powerful super-
computers of ten years ago to today’s affordable workstations
[1]. GPUs nowadays are an important platform for general-
purpose computing.

A GPU is a massively parallel processor with a large
memory bandwidth. Its memory is hierarchically organized,
and the transitions between various memory levels are
explicitly defined and organized by the programmer.

One or several GPUs can be easily included in a common
workstation and supercomputer nodes as well. Hybrid com-
binations of one or more GPUs with aCPU are one of the
main choices of HPC laboratories worldwide because of their
indisputable combination of high performance and low price.

GPUs are valuable tools for calculations and numerical
simulations, but it is very important to emphasize that not all
problems can benefit equally from using a GPU. Certain
problems are native for parallelization and GPU acceleration.
However, the DFT calculation method is shown to have great
success in exploiting the advances of GPU technology.

DFT is a method for ab-initio electronic structure cal-
culations based on Kohn-Sham equations. For solving Kohn-
Sham equations, there are several numerical approaches and
approximations, each based on discretization of equations and
the treatment of core electrons [2]. An iterative procedure,
known as the self-consistent field (SCF) method, is used to
find solutions to eigenproblems.

Quite a few codes and programs have been developed for
DFT calculations. In the past few years, certain codes have
been reported to support GPU technology. The main idea
behind porting existing DFT code to GPUs is to discover
methods for improving the computationally expensive parts
of the SCF loop and re-implementing them with GPUs [2].
This is achieved by replacing common computational librar-
ies with GPU versions, such as compute unified basic linear
algebra subroutines (CUBLAS), compute unified fast Fourier
transform (CUFFT), among others, and by writing custom
kernels for GPUs. The final goal is performance speedup by
more than several timeswhileminimizing the poor transfer
time of data between a CPU and a GPU, which is one of the
biggest bottlenecks.

Quantum Espresso (QE) is an integrated suite of open-
source computer codes for electronic-structure calculations
and materials modeling at the nano-scale [3] and is based on
DFT, the use of a plane-waves basis and a pseudopotential
approach. Since version 5.0, certain packages of QE have
been able to exploit the capabilities of Nvidia GPUs by
porting the most computationally expensive parts of the SCF
cycle to run on GPUs. QE uses CUFFT and the Magma
computational software, as well as phiGEMM numerical
library operations, which are parallel hybrid replacements for
GEMM [4]. It has been shown that the best practice is to
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Figure 1. Crystal structure of monolayer graphene with lithium
adatoms. Small yellow spheres represent carbon atoms, whereas
larger violet spheres represent lithium adatoms placed in the hollow
sites of the graphene layer at H-sight.

Table 1. Optimized structural parameters, lattice constant (a) and
adatom-graphene distance (h) in A.

a h

LiCs 427 1.73

employ OpenMP parallelizations within one node, MPI par-
allelizations across multiple nodes, and GPU acceleration
where possible for the studied problem.

Graphene

Graphene has been attracting attention worldwide and has
shown some remarkable properties [5]. Our goal is to show
the advantages of applying GPU technology to DFT calcu-
lations for graphene. We chose the QE package PHonon,
which employs GPU technology. It implements density-
functional perturbation theory (DFPT) to calculate second-
and third-order derivatives of energies with respect to atomic
displacement and electric fields [6].

In this study, we examined intercalated graphene. The
term ‘intercalation’ refers to a process where foreign adatoms
are inserted onto a graphene lattice. Studies have shown it is
possible to tune properties of the graphene by doping the
surface with alkaline metal adatoms [6]. This is analogous to
graphite-intercalated compounds (GIC).

Results

Methods

The reported results were obtained from first-principles DFT
in a local density approximation (LDA). We used QE with a
norm-conserving pseudopotential and the plane-wave cutoff
energy of 65Ry. A monolayer system was simulated in
V3 x /3 R30° in-plane unit cell with one lithium adatom per
unit cell and 6 A of vacuum between layers (to simulate a
monolayer) (figure 1).
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Figure 2. QE-PWscf calculation on Intel Core i7-3930K at 3.8 GHz with Nvidia Tesla K20 (a) single SCF iteration and (b) full SCF

calculation.

All structures were relaxed to their minimum energy
configuration (in respect to the stress tensor of the unit cell
and the internal forces on atoms) (table 1).

GPU acceleration

All QE PH calculations consist of several parts:

1. SCF calculations on a dense grid that consists of all k and
k+q grid points.

2. and 3. Normal SCF and phonon dispersion calculations
on the coarse k-point grid.

To show differences in calculation wall-times, the same
input was used for four different system configurations.

e QE in serial configuration

e QE in parallel configuration

e QE in serial configuration + GPU
e QE in parallel configuration + GPU

Computational resources

We present data obtained using a heterogeneous system
equipped with a GPU. All calculations have been executed on
the workstation at the GPU Group for Simulations in Solid
State Physics at the Center for Solid State Physics and New
Materials at the Institute of Physics, with Intel Core 17-3930K
at 3.8 GHz with 32 GB RAM. Calculations were performed
employing OpenMPI parallelization on a four-core system,
with two parallel processes and MKL multi-threading, using
four MKL threads.

The GPU-accelerated calculations have been executed on
the Nvidia’s Tesla K20, which consists of 2496 compute
unified device architecture (CUDA) cores'.

We compared wall-times for QE-PWscf.

! www.nvidia.com/object/nvidia-kepler.html.

Table 2. Wall time and speedup for the QE-SCF calculation on a
dense grid for the monolayer graphene with Li adatoms for four
different system configurations.

Wall time Wall-time
1 SCF Speedup full Speed up

Configuration iter [s] 1 iter SCF [s] full SCF
QE serial 1864.7 1 22 620 1
QE-GPU 657.1 2.84 10020 2.26

parallel
QE parallel 598.8 3.11 8580 2.64
QE-GPU 560.3 3.33 7980 2.83

serial

Conclusion and further study

We have shown that using GPU technologies together with
CPU processing can decrease the calculation duration for
graphene with adatoms by up to three times (figure 2).

An important fact is that the level of acceleration that
can be reached depends significantly on the problem itself.
As shown in table 2, for this kind of calculation with the
workstation used, the best wall-times are achieved for QE
serial with GPU. It is important to emphasize that the pro-
blem used in this calculation is rather small, and on larger
systems the GPU acceleration would be even more visible
[1]. GPUs were designed in a highly parallel structure that
allows large sets of data to be processed at the same time;
similar computations are being made on data at the same
time. This is the reason additional GPU acceleration makes
calculation more efficient. CPUs are made to handle requests
more linearly, even in parallel mode. For our problem, CPU
parallelization also shows good results, but with a larger
observed system, the benefit from parallel computation
would be also more obvious (we could create more pro-
cesses for the processor unit).

Here we have an example where improvement in the
communication speed and bandwidth between CPU and GPU
would be highly beneficial. If the test problem were more
complex, the parts of the problem calculated on the GPU
would also be more complex, and the speedup achieved
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would compensate for insufficient CPU-GPU communication
speed and bandwidth. In our problem, we have substantial
CPU processes and GPU communication for a rather short
calculation during the steps in between.

In addition, to improve the speed for this resource-
demanding calculation, in further studies the focus should be
on exploring better ways to distribute GPU resources on
parallel processes whileovercoming these components’ poor
communication speeds.
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Abstract

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

1 Introduction

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

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

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

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

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

©2016 IOP Publishing Ltd
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Figure 1. (a)—(c) show schematic representations (out of scale) of a LBA GS film formation, scooping of the film onto a targeted
substrate and subsequent chemical doping, respectively. (d) A photograph ofa2 x 2 cm” LBA GS film on a PET substrate,
demonstrating its transparency in comparison to PET. Inset of (d) shows bending of the sample. (e) Optical microscope image of an
edge of a LBA GS film (left) on a SiO,/Si substrate (right) with 300 nm thick oxide layer. Scale bar in () is 20 pm.

LBA GS film / substrate

to deposit these sheets onto a targeted substrate, for
example spray coating [10], ink-jet printing [37-39],
vacuum filtration [31, 40], Langmuir—Blodgett assem-
bly (LBA) [41—44], or self-assembly on a liquid-liquid
interface [45—47]. Still, the electronic conductance of
LPE films is inferior to that of CVD graphene, and any
improvement is a step towards industrial applications
of solution processed graphene.

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

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

2 LBA GS film fabrication and
morphological characterization

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

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

2.2 Langmuir-Blodgett assembly

GSs suspended in NMP were used to fabricate
transparent and conductive films by LBA at a water—
air interface [43]. Since the LPE process introduces a
low degree of oxidation and covalent functionaliza-
tion, resulting GSs have high hydrophobicity, which is
very favorable for the formation of LBA layers [41].
Furthermore, driven by the minimization of interfa-
cial energy, LBA produces a close packed structure of
GSs [45]. A schematic representation of LBA GS film
formation is presented in figure 1(a). Beakers filled
with deionized water (18.2 M{2) with a water—air
interface surface-to-water volume ratio of 0.5cm ™'
were used for film formation. A 1.5-2vol% of GS
+NMP was added to the interface with a continuous
flow rate of 5-10 uls~'. A closely packed LBA GS film
was found to form on the water—air interface with this
set of parameters. Formation of the LBA film was
found to be self-limiting, meaning that prior to the
film formation on the whole given surface, added GSs
are fixed at the interface, and after the complete film
was formed, any additional GSs fall through the
interface to the bottom of the beaker. Only several
microliters of the GS+NMP solution are needed to
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fabricate several square centimeters of film. When
scaled up, one liter of GS+NMP solution would be
sufficient to produce 150 x 150 m” of LBA GS films.
Compared to CVD graphene, fabrication cost of these
TCEs would be at least three orders of magnitude
smaller [4].

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

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

2.4 Film morphology

The morphology of the obtained LBA GS films was
characterized with atomic force microscopy (AFM)
and scanning electron microscopy (SEM). AFM mea-
surements were carried out on an atomic force
microscope, NTEGRA Spectra, in tapping mode. A
typical AFM profile of an LBA GS film on a SiO,/Si
substrate is shown in figure 2(a). Si02/Si was chosen
as a substrate for AFM due to its low surface rough-
ness. Figure 2(b) shows a height histogram of a
5 x 5 yum” AFM topography image containing a sharp
edge of the LBA GS layer (inset). Ten height histograms
of sample/substrate edge areas were used to estimate
the thickness of LBA GS films. Each histogram had two
clearly resolved peaks corresponding to LBA GS film
and the substrate. An average film thickness was
estimated as a peak-to-peak distance. While the
substrate peak is narrow, due to the low roughness of
the SiO,, (left peak in figure 2(b)), the LBA GS film has
a much broader height distribution. The sample peak
was fitted with a log-normal curve, yielding a mean

A Matkovic et al

film thickness (3.4 = 0.7) nm. This indicates that LBA
GS films have an average thickness of ~10 layers.

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

3 Results and discussion

3.1 Nitric acid doping

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

3.2 Nitric acid exposure time

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

3.3 Time stability of the enhanced conductivity
effect

Considering that nitric acid is volatile and that dopants
can be desorbed from the sample, the stability of the
sheet resistivity was examined over an extended period
of time. Two batches of LBA GS films were prepared,
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67]

nm

Figure 2. (a) An AFM topography image of a LBA graphene film on a SiO,/Si substrate. Scale baris 5 ym. (b) An LBA GS film/
substrate height histogram obtained froma 5 x 5 um® AFM topography image (inset), fitted by a log-normal curve (solid line). The
height of the film has been estimated to 3.4 nm, indicating an average GS thickness of ten layers. (c) GS diameter histogram obtained
from several SEM images. The dashed line in (c) represents a log-normal fit, giving an average GS diameter of 120 nm.
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Figure 3. (a) Sheet resistivity reduction factor after chemical doping with varied exposure time. (b) Stability of the doped LBA GS films,
comparing encapsulated samples with the ones that were exposed to ambient air. (c) The sheet resistivity (Rs) as a function of the light
absorption at 650 nm wavelength. The data for up to three stacked LBA GS layers is shown, both prior (circles) and after (diamonds)
the chemical doping, with solid and dashed lines as smooth fits for the undoped and doped samples, respectively. Shaded areas
indicate a sample-to-sample variations in both Rg and the light absorption. Inset of (¢) shows sheet conductivity as a function of the
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one with the doped LBA GS surface exposed to the
ambient conditions, and the other encapsulated (cov-
ered with Scotch tape) immediately after chemical
doping. Figure 3(b) shows the relative change of sheet
resistivity in time as R (t)/R,, where R, stands for the
initial sheet resistivity. Encapsulated samples show
excellent time stability, with less than 5% change in
sheet resistivity over two weeks.

3.4 Stacking of multiple LBA GS layers

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

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

Figure 3(c) shows the sheet resistivity (Rs) as a
function of optical transmittance of stacked LBA GS
layers. After stacking, samples were exposed to nitric
acid for 5 min. The lowest sheet resistivity obtained
were on the order of 800 2/0], albeit at only 50%
transmittance. The fact that subsequent doping can
affect the entire film could be attributed to intercala-
tion of nitric acid into the LBA GS stacks [28].

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

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

3.5 Sheet resistivity and DC electrical characteristics
measurements

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

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

Figure 4 shows the dependence of the total con-
ductance (Sg) as a function of back gate voltage (Vyg)
for several consequent sweeps between 0 and 60 V.
The negative slope of S3(V}g) confirms that both
undoped and chemically doped LBA GS films have
holes as dominant charge carriers. Unintentional

A Matkovic et al

p-doping of the sample prior to the exposure to nitric
acid is attributed to the remaining water and NMP
residue at the interface during film transfer [32]. Con-
ductance function was approximated to be linear,
neglecting the deviation of the undoped sample at
higher voltages, which is likely due to approaching a
charge neutrality point. Using the linear approx-
imation, carrier mobility has been estimated [43, 60]
to be 0.6-0.8 cm® V!5~ ! for the undoped samples,
and 1.55-1.75 cm® V"' 57! for the samples that were
exposed to nitric acid.

3.6 X-ray photoelectron spectroscopy (XPS)

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

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

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

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

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

3.7 Transmittance measurements

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

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

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

3.8 Raman spectroscopy

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

3.9 Work function measurements

The work function of a surface holds important
information about the electronic structure. Using
Kelvin probe force microscopy (KPFM, NTEGRA
Spectra), we measured the work function of LBA GS
films prior to and after chemical treatment, using the
tabulated value of the work function for highly ordered
pyrolytic graphite (HOPG) [69, 70] as a reference for
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Figure 6. (a) Transmittance of a LBA GS film in the visible and UV ranges on quartz substrate, before (circles) and after (diamonds)
chemical doping with HNO;. Solid and dashed lines represent a Fano resonant function fits. (b) Raman spectra of a LBA GS film,
before (solid line) and after (dashed line) chemical doping. Inset of (b) enlarged D modes, showing a reduction of I (D) /I (G) intensity
by 25% after chemical doping. (c) KPFM histograms of LAB GS film before (left) and after (right) chemical doping. Positions of the
peaks were calibrated with the respect to the measurements of HOPG (middle).

calibrating the AFM tip (details in supplementary
information).

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

Chemical doping with nitric acid increases the
work function by as much as 0.75 eV, a 50% larger
increase than in the case of a similar treatment of CVD
graphene [17, 50]. An increase of the work function
confirms that electrons migrate from GSs [72], result-
ing in further p-doping and a decrease of the Fermi
level with the respect to Dirac point. Adsorption of
NO3 groups at the sheet edges is also expected to
strongly contribute to the increase of the work
function.

3.10 Dependence of the sheet resistivity upon axial
strain

In addition to chemical doping, the change of the sheet
resistivity of LBA GS films on PET substrates was
investigated under various bending conditions. The
curvature of the substrate was controlled by a micro-
meter screw in steps of 150 um, as schematically
presented in figure 7(a). The amount of bending is
expressed as an axial strain (e) that LBA GS films suffer
at the surface of a PET substrate upon bending.
Bending radii down to 6 mm were used, giving values
of axial strain up to 1.6%. Stretched LBA GS films have
shown an increase in the sheet resistivity, significantly
larger than in the CVD graphene [9]. Upon axial strain
of about 1.5% LBA GS films on PET substrate show an
increase of sheet resistivity by as much as 50%.
Furthermore, Raman spectra of strained films (given
in supplementary information figure S5) did not show
any detectable shifts of graphene modes. This indicates
that individual GSs are not exhibiting a significant
amount of strain. The change in sheet resistivity is
attributed to increased separation between individual
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GSs, which increases the contact resistance between
them, as schematically presented in figure 7(b). The
relative change in sheet resistivity upon bending
reaches 20% larger values in undoped films, as
presented in figure 7(c). A large change of resistance
upon axial strain opens up a possibility to use LBA GS
films in sensing applications as strain gauges, pressure
sensors, touch screens or e-skin [73].

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

4 Conclusion

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

The sheet resistivity of deposited LBA GS layers on
PET was found to be (70 & 6) k2/[J with the trans-
mittance of 78% at 650 nm wavelength. Upon a short
exposure to nitric acid, sheet resistivity was
reduced 56 fold, reaching the value of (12 +£ 3) k2/00
with a minor reduction of the visible light transmit-
tance. An increase of the LBA GS film work function by
0.75 eV was found upon chemical doping, yielding a
value 0f4.95 eV for the doped films. The work function
measurements and the dependance of the sheet resis-
tivity upon axial strain both indicate that a large reduc-
tion of the sheet resistivity occurs due to adsorption of
NOj3 groups at the edges of GSs. This reduces a contact
resistance between the sheets, in addition to an increase
of carrier concentration within the sheets.
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Abstract

We demonstrate that a single-layer graphene replicates the shape of DNA origami nanostructures very
well. It can be employed as a protective layer for the enhancement of structural stability of DNA
origami nanostructures. Using the AFM based manipulation, we show that the normal force required
to damage graphene encapsulated DNA origami nanostructures is over an order of magnitude greater
than for the unprotected ones. In addition, we show that graphene encapsulation offers protection to
the DNA origami nanostructures against prolonged exposure to deionized water, and multiple
immersions. Through these results we demonstrate that graphene encapsulated DNA origami
nanostructures are strong enough to sustain various solution phase processing, lithography and
transfer steps, thus extending the limits of DNA-mediated bottom-up fabrication.

1. Introduction

Artificial deoxyribonucleic acid (DNA) macromolecules offer highly controllable bottom-up fabrication of
various nanostructures. Since the first demonstration of DNA folding and the wide variety of structures and
patterns that can be created at nanoscale [ 1], many 2D and 3D DNA origami nanostructures were fabricated
using this method [2—4]. These structures often serve as substrates [5], offering a solution-based self-assembly
with nanometer precision geometries. DNA nanostructures have been used as scaffolds for assembly of metallic
nanoparticles [6-8], for routing polymers [9], surface-enhanced Raman scattering [10], as positive and negative
masks for DNA nano-lithography [11-14], and even graphene patterning [15].

However, the delicate nature of DNA origami nanostructures constrains their applicability in bottom-up
fabrication [16]. In particular any mechanical wear or solution phase processing could damage these
nanostructures [7, 17, 18]. Thus enhancing the structural stability of DNA origami nanostructures is crucial for
expanding the field of bottom-up nanofabrication.

On the other hand, graphene, a single atomic layer of crystal graphite, with its peerless mechanical properties
can offer a solution to this issue. Youngs modulus of graphene is about five times greater than of the bulk steel
[19, 20], while at the same time graphene can be folded by 180° over less than one nanometer in length, without
breaking its in-plane bonds. The crystal lattice of graphene (and graphite) is so densely packed that it is
impermeable to any gases, even H, [21]. Also, graphene has low friction coefficient [22], and has been employed
as a protective coating for friction reduction [23-27], wear protection [28, 29] and as corrosion barriers [30].

Recently, graphene has been employed to encapsulate objects such as single yeast cells [31], bacteria [32],
water molecules [33-42], fluorescent films [43], single-stranded DNA and DNA nanostructures [44, 45]. It was
demonstrated that graphene replicates the topography of the DNA molecules [44, 45]. Also, the directed

©2016 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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a)

Figure 1. (a) and (b) Schematic representations of DNA origami synthesis; (c) DNA origami deposition; and (d) and (e) encapsulation
by exfoliated graphene.

deposition of DNA rectangles onto lithography patterned strips of nitrogen-doped reduced graphene oxide was
demonstrated [46].

In this study we focus on enhancing the structural stability of DNA origami nanostructures by graphene
encapsulation. For this purpose triangular DNA origami nanostructures are deposited onto silicon substrates
and encapsulated by single layer exfoliated graphene. The morphology of DNA origami nanostructures is very
well transferred to the graphene, having even the inner triangle clearly resolved by atomic force microscopy
(AFM). The samples are tested for their structural stability using AFM based manipulation and aqueous solution
exposure. The forces required to damage bare and graphene encapsulated nanostructures are compared, and the
effects of cumulative damage introduced by successive manipulations are investigated. In addition, stability of
graphene encapsulated DNA origami nanostructures is tested against prolonged exposure to deionized water
(DIH,0).

2. Materials and methods

2.1. DNA origami synthesis

Triangular DNA origami nanostructures were synthesized according to a modified version of Rothemund’s
method (schematically represented in figures 1(a) and (b)) [1]. Therefore, the M13mp18 virus strand (5 nM,
New England Biolabs) serving as scaffold and 208 short staple strands (Integrated DNA Technologies) were
mixed in a molar ratio of 1:30 in 1 x TAE (Sigma Aldrich) with 10 mM MgCl, (total volume 100 pl). The mixture
was annealed by gradually decreasing the temperature from 80 °C to 8 °C within 1 h 48 min using a Primus 25
advanced thermal cycler (Peqlab). Excess staple strands were removed by spin filtering the resulting DNA
origami solution two times at 3830 g for 10 min using Amicon Ultra-0.5 filters (100 kDa MWCO, Millipore)
after the addition of 200 pl (first run) or 300 pl (second run) of 1 x TAE with 10 mM MgCl,.

2.2.DNA origami deposition

After preparation, triangular DNA origami nanostructures were deposited onto~1 x 1 cm? silicon substrates
covered with 80 nm thick dry thermal oxide (SiO,/Si). Due to the interference of the light within the oxide layer,
optical contrast of the graphene is enhanced and enables good visibility of graphene using optical microscopy,
which is essential for the identification [47].

Before the deposition of DNA origami nanostructures, the substrates were cleaned and prepared by 5 min
treatment in Novascan’s ozone cleaner. Subsequently, drops of 0.5 uul of DNA origami solution were deposited
on each substrate and covered with 10 pl of 10 x TAE with 10 mM of MgCl,. After one hour of incubation period
in the water-saturated environment, the samples were rinsed in 1:1 water-ethanol solution to clean excess of
material and dried with an argon gun (flow ~10 1 min~"). As a result DNA origami nanostructures covered the
entire substrates with an averaged density of twenty triangular nanostructures per square micrometer. The DNA
origami deposition is schematically represented in figure 1(c).

2.3. Graphene exfoliation

Graphene was deposited using the procedure known as micromechanical cleavage [48], yielding high-quality
layers of graphene but limited in lateral size (on the order of tens of micrometers in diameter). Kish graphite
(Naturgraphite GmbH) was used as starting material. Graphite flakes were cleaved using sticky tape (Nitto
Denko ELP BT150ECM) and deposited on the substrates with DNA origami nanostructures. In order to avoid
damaging DNA origami nanostructures, the entire micromechanical exfoliation was carried out at room
temperature. After the deposition of graphene on top of the DNA origami nanostructures, individual flakes were
detected using optical microscopy and single atomic layer samples were chosen by the optical contrast, and
confirmed by the AFM. Schematic representation of the encapsulation by graphene is shown in figures 1(d)

and (e).
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Figure 2. (a) TAFM topography of a step edge of graphene covering a substrate with DNA origami nanostructures. Scale bar is 500 nm.
(b) and (c) histograms (circles) and Gaussian fits (solid and dashed lines) of the selected areas in (a), corresponding to the bare and
graphene encapsulated nanostructures. /1, and h, stand for the height of the bare and graphene encapsulated structures, and are
estimated as a peak-to-peak distance within the corresponding histograms.

2.4. AFM measurements

AFM experiments were carried out on the NT-MDT’s NTEGRA Prima system. Imaging before and after AFM
manipulation was performed in tapping mode (TAFM), using NSGO1 probes from NT-MDT (typical force
constant 5.1 N m~'). AFM manipulation was done in contact mode, using NT-MDT’s CSGO1 probes (typical
force constant 0.03 N m ™). All measurements were done at ambient conditions. Initial imaging of the samples
was done in TAFM mode. In this mode, the vibrating AFM tip is free from a torsion, so it does not push DNA
origami nanostructures laterally leaving them practically intact.

AFM manipulation of graphene has been done using both static [49, 50] and dynamic plowing [51]. Here,
AFM manipulation experiments were done in the following way. After selected sample areas were found and
visualized using TAFM mode, AFM manipulations were carried out in contact mode, by scanning a selected
sample area. Every image was recorded at constant normal force (constant set point). Manipulation on the
graphene encapsulated DNA origami nanostructures was carried out using TAFM (NGS01, force constant
5.1 N m~'). However, imaging of bare DN A nanostructures was not possible in contact mode with these hard
cantilevers. For this reason the manipulation of bare nanostructures was done using soft CSGO1 probes (with
two order of magnitude lower force constant).

AFM topography images of the samples were processed in an open source software Gwyddion. For each
image first a mean plane was subtracted, followed by line corrections in the scanning direction, and finally a
three point plane leveling is applied and the mean height is set to zero value. In the cases of graphene/substrate
step edges, the three points were chosen on the bare substrate.

3. Results and discussion

A typical TAFM topography image of a step edge of graphene, with (1.26 = 0.21) nm height, covering a substrate
with DNA origami nanostructures is shown in figure 2(a). In order to estimate the structural damage, both the
height and the shapes of the triangular DNA origami nanostructures were considered. The shapes were
straightforwardly assessed from the topography images. The height of the structures was determined using a
peak-to-peak difference from the selected area histograms, as shown in figures 2(b) and (¢). Each histogram peak
was fitted by a single Gaussian line. The uncertainty of the measured height was estimated as a half width at half
maximum of the histogram peak that corresponds to either bare or graphene encapsulated DNA origami
nanostructures. As a result, an average height of the bare triangular DNA origami nanostructures was found to
be (1.42 + 0.38) nm, while the graphene encapsulated ones were (0.65 & 0.24) nm high. The observed difference
is due to non-perfect replication of DNA origami by graphene. Some parts of graphene covering DNA
nanostructures do not lie perfectly on SiO, substrate. These parts of graphene are slightly lifted above the
substrate and make the effective height of the graphene covered DNA nanostructures smaller. This effect is even
more pronounced for high density of deposited DNA origami nanostructures since graphene does not fall
perfectly on SiO, substrate between adjacent DNA nanostructures.

3
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Figure 3. (a) A topography image (TAFM) of DNA origami nanostructures encapsulated by a single layer graphene (top) and on a bare
SiO,/Si substrate (bottom). (b) The same sample area after scanning of the dashed square in contact mode with an applied force up to
76 nN. Scale bars are 250 nm.

3.1. AFM manipulation

Imaging of DNA nanostructures in the contact mode is challenging [44]. Therefore, so far their mechanical
properties and stability have been measured using peak force tapping mode with precisely controlled force in
pico Newton range [52]. Here AFM manipulation in contact mode was applied in order to determine the forces
required to damage both bare and graphene encapsulated DNA origami nanostructures. Figure 3 shows TAFM
topography of DNA origami nanostructures before and after manipulation of a 500 x 500 nm? selected area,
marked by the dashed square. The selected area was repeatedly scanned six times in contact mode. The applied
normal force was increased for each successive scan ranging from 36 to 76 nN. The contact mode topography
scans are shown in figures 4(a)—(f). The same probe (NGS01) was used both for the imaging of the sample in
TAFM mode and for the manipulation in contact mode. The height of the encapsulated nanostructures was
estimated for each contact mode scan using their corresponding histogram peak-to-peak distance. The results
are presented in figure 4(g), showing encapsulated structure height as a function of the applied normal force.
Both the height and the shape of the triangular origami nanostructures indicate that structural damage starts to
occur when a normal force of about 60 nN is exerted.

In order to estimate the amount of mechanical protection that graphene offers to DNA origami
nanostructures, the same AFM manipulation experiments are carried out on the bare triangular DNA origami
nanostructures (on SiO,/Si substrate). Here much smaller normal forces are required to damage the structures.
Thus, a soft mode probes (CSG01) were used, with the typical force constant of 0.03 N m ™. Figure 5 shows six
subsequent scans in contact mode. Again, the normal force is increased for each scan, ranging from 1.8 to
3.1 nN. The triangular DNA origami nanostructures appeared unchanged up to the normal force of 2.5 nN.

The nature of the structural damage that is introduced by the AFM probe is different for the bare and
graphene encapsulated DNA origami nanostructures. In the case of the encapsulated nanostructures graphene
protects them from attaching to the tip of the AFM probe. As a result, the damaged structures appeared
”smudged” and their height is reduced. On the other hand the bare nanostructures tend to attach to the tip and
drift in the scanning direction. As a result the height of the bare structures that were not pushed and damaged by
the AFM probe does not change significantly (figure 5(f)).

The arrows in figure 5(d) indicate the initial damage of the bare DNA origami nanostructures, that is
introduced with the normal force of only 2.7 nN. Compared with the same tests carried out on the encapsulated
structures (figure 4), the force required to damage the DNA origami nanostructures is over an order of
magnitude greater for the ones encapsulated with graphene. The structural damage that can be introduced by
AFM manipulation strongly depends on the adhesion of both the DNA nanostructures and the graphene layer to
the substrate. For this reason it is not reliable to set the exact force threshold at which graphene offers wear
protection to these structures.

Still the question remains whether the cumulative damage arises when the same graphene encapsulated
structures are scanned multiple times. To test this the same graphene encapsulated area was scanned in contact
mode ten times successively. The normal force was set to 28 nN for all scans. TAFM topography images of the
same sample area before and after manipulation are respectively shown in figures 6(a) and (b). Figure 6(c) shows
the height of the graphene encapsulated DNA origami nanostructures for each TAFM and contact mode scan.

4
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Figure 4. (a)—(f) 500 x 500 nm? area of graphene encapsulated DNA origami nanostructures scanned in contact mode with an
increase of the applied normal force (set point) for each successive image. The same sample area is also shown in figure 3, and
highlighted with the dashed squares. (g) The height of graphene encapsulated DNA origami nanostructures shown in (a)—(f), with
respect to the initial values.
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Figure 5. (a)-(f) 1 x 1 ym?area of bare DNA origami nanostructures on a SiO,/Si substrate scanned in contact mode. The applied
force (set point) is increased for each successive image. Arrows in (d) indicate the initial damaged areas of the nanostructures, giving a
force threshold of about 2.5 nN.
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Figure 6. (a) 0.8 x 0.8 ;um” TAFM topography of graphene encapsulated DNA origami nanostructures prior to multiple scans in
contact mode with low applied force (F = 28 nN). (b) 1 x 1 um” TAFM topography of the same sample area after ten successive
scans in contact mode. The dashed square in (b) indicates the area scanned in contact mode. (c) The height of the graphene

encapsulated DNA origami nanostructures after each step. Diamonds indicate TAFM measured height, while circles indicate the

height measured in each contact mode scan.
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Figure7.(a) 0.8 x 0.8 um” TAFM topography of graphene encapsulated DNA origami nanostructures prior to a single scan in
contact mode with high applied force (F = 188 nN). (b) 1 x 1 um” TAFM topography of the same sample area after the scan in
contact mode. The dashed square in (b) indicates the area scanned in contact mode.

The heights were obtained as a peak-to-peak distance from their corresponding topography images. The results
show that there is no cumulative damage effect if the applied normal force is below the damage
threshold (~60 nN).

On the other hand, only a single contact mode scan with high enough force is sufficient to damage graphene
encapsulated nanostructures. This is demonstrated in figure 7. Here, TAFM topography images are shown
before and after the selected area was scanned in contact mode with the normal force set to 188 nN, well above

the damage threshold.

3.2. Deionized water exposure
In order to extend the use of DNA origami nanostructures as scaffolds in the bottom-up nanofabrication [16],

these structures need to be strong enough to withstand the harsh conditions needed in many fabrication steps
[18]. Commonly these steps include submersion into liquids. Either as the part of the solution phase processing
or simple rinsing after a lithography step, DNA origami nanostructures need to withstand both short and
prolonged liquid exposures.

In this study the exposure to deionized water was tested on both bare and graphene encapsulated structures.
The exposure time was varied between 1 min and 24 h. The SiO,/Si substrates covered with DNA origami
nanostructures and partly encapsulated by graphene were submerged into 10 mL of DI H,O (Millipore,

18,2 MQ cm™ ') and after the set exposure time quickly dried with an argon gun (flow ~10 I min ). Water
exposure was done successively on each flake, e.g.: the flake was exposed to 1 min in DI H,O, measured, then
again exposed for 4 min more to give the total of 5 min exposure, and so on. This way properties that are unique
for every sample, as adhesion of nanostructures and graphene to the substrate, did not figure in the test.

The selected sample areas were imaged using TAFM both prior and after DI H,O exposure. Figure 8 shows
TAFM topography images of triangular DNA origami nanostructures partly encapsulated by graphene before
exposure (a) and after various lengths of exposure to DI H,O (b)—(e).

The unprotected structures are significantly damaged even after only 1 min of DI H,O exposure, and not
lifted-off the substrate. Most likely the amount of residual Mg>* ions on the substrate surface determines
whether the structures are damaged or lifted-off the substrate [18].

6
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(a) before exposure (b) I min DI H,O (c) 5min DIH,0

Figure 8. (a) 3 x 3 um” TAFM topography images of an area of graphene encapsulated (right) and bare (left) DNA origami
nanostructures, before (a) and after various lengths of exposure to DI H,O (b)—(e). Scale bars are 500 nm.

Graphene encapsulated DNA origami nanostructures appeared to be intact by the water exposure. Each
individual triangular origami was preserved even after 30 min of DI H,O exposure. The height of the
nanostructures was also unchanged. In the case of the sample shown in figures 8(a)—(d) the height of the
encapsulated origami nanostructures was 0.8(£0.2) nm, after each exposure. In figure 8(d) the edge of graphene
sample was folded, most likely during the drying step.

The only exception occurred after twenty four hours of exposure. In this case graphene started to wrinkle.
Although some triangular DNA origami nanostructures are still visible underneath graphene (figure 8(f)), most
of the nanostructures were damaged and their height estimation was not reliable.

The exact exposure time threshold will again depend on the adhesion to the substrate of both graphene and
DNA origami nanostructures, and varies from sample to sample. Still, very short exposures do damage or lift-off
bare DNA nanostructures [18]. On the other hand graphene encapsulation offers significant protection
increasing the exposure times by at least two orders of magnitude.

4, Conclusion

In summary, we have demonstrated that single layer exfoliated graphene can be used as a protective layer for
DNA origami nanostructures. Through the AFM based manipulation we have shown that the normal force
required to damage graphene encapsulated DNA origami nanostructures is over an order of magnitude greater
than for the unprotected ones. The threshold for the normal force that induces structural damage to the
graphene encapsulated DNA origami nanostructures was found to be about 60 nN. In addition, we have shown
that graphene provides wear protection against multiple manipulations if the applied normal force is below the
damage threshold.

Besides wear protection, graphene encapsulated DNA origami nanostructures were tested against prolonged
exposure to deionized water, and multiple immersions. We show that graphene encapsulated nanostructures
remain intact even after 30 min of the exposure to deionized water, while the bare structures are significantly
damaged in the matter of seconds. The limits of graphene protection against deionized water exposure arise
from wrinkling of the graphene layer itself.
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We expect that other liquids will act in the similar manner aslong as they do not damage graphene, and will
only take different amount of time to damage bare DNA origami nanostructures. This extends the use of DNA
origami scaffolds in many fabrication processes, as various lithography steps or wet transfer of 2D materials.
Future studies could involve encapsulation by more than one layer of graphene and the use of other 2D
materials, as hexagonal boron nitride, which could prove protection in harsh environments that graphene might
not be suitable for.
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Hybrid Structures for Surface-Enhanced Raman
Scattering: DNA Origami/Gold Nanoparticle Dimer/
Graphene

Julia Prinz, Aleksandar Matkovic, Jelena Pesi¢, Rados Gaji¢, and Ilko Bald*

A combination of three innovative materials within one hybrid structure to explore
the synergistic interaction of their individual properties is presented. The unique
electronic, mechanical, and thermal properties of graphene are combined with the
plasmonic properties of gold nanoparticle (AuNP) dimers, which are assembled
using DNA origami nanostructures. This novel hybrid structure is characterized
by means of correlated atomic force microscopy and surface-enhanced Raman
scattering (SERS). It is demonstrated that strong interactions between graphene and
AuNPs result in superior SERS performance of the hybrid structure compared to
their individual components. This is particularly evident in efficient fluorescence
quenching, reduced background, and a decrease of the photobleaching rate up to one
order of magnitude. The versatility of DNA origami structures to serve as interface
for complex and precise arrangements of nanoparticles and other functional entities
provides the basis to further exploit the potential of the here presented DNA origami—
AuNP dimer—graphene hybrid structures.

1. Introduction

With the introduction of the DNA origami technique by
Paul Rothemund in 2006!!! a versatile tool for the folding of
DNA into almost any desired shapes and patterns was cre-
ated. Initially applied for the fabrication of 2D structures the
technique was rapidly extended to construct 3D objects.?]
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Due to the addressability of every single DNA staple strand
being part of the self-assembly process, functional units, e.g.,
gold nanoparticles (AuNPs), can be attached to DNA ori-
gami templates with nm precision. Such hybrid structures
have been used for the study of plasmonic effects*-] or sur-
face-enhanced spectroscopies such as fluorescence enhance-
mentl”l or quenching,®! surface-enhanced Raman scattering
(SERS),[*1?] and even for single-molecule SERS.[13]

The basis of surface-enhanced spectroscopy methods is
a metal surface—in most cases a metal nanoparticle (NP)—
which is brought in close vicinity to the analyte molecule(s).
Caused by the excitation of the surface plasmon resonance
the electromagnetic field surrounding the NP is enhanced
resulting in an increase of the detected signal, that is, fluo-
rescence or Raman scattering. Dimers of AuNPs turned out
to be superior over single AuNPs regarding their perfor-
mances in electromagnetic field enhancements due to hot
spot formation.[1413]

Graphene is a 2D material consisting of sp>-hybridized
carbon atoms which are arranged in a honeycomb lattice.
It exhibits a unique combination of electronical, mechan-
ical, and optical properties including high electronicl’®l and
thermal conductivities,'”] impermeability to any gases,'! as
well as high optical transparency.'”] Although graphene flatly
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adsorbs on various substrates, it has been shown to repli-
cate the shape of underlying macromolecules such as double
stranded plasmid DNA,[? 1D five-helix ribbon structures
and 2D double-crossover lattices,[?! as well as DNA origami
structures(??l very well due to its flexible nature. Recently, it
has been reported that the structural stability of triangular
DNA origami substrates toward mechanical forces or pro-
longed exposure to deionized water can be enhanced by gra-
phene encapsulation.??]

Combining graphene and metal NPs within one hybrid
structure is especially advantageous due to the resulting syn-
ergy of unique electrical, mechanical, and optical properties
introduced by both initial materials. Especially within the
fields of biomedicinel?*2*] and biosensing(?>2°! various types
of hybrid materials based on graphene and NPs have been
created. Principally, graphene-NP hybrid structures can be
obtained either by decorating graphene sheets using metal
NPs[?7-21 or by wrappingl***!l or coveringl*>*3] NPs with gra-
phene. Furthermore, graphene has been reported to remark-
ably suppress the photobleaching of dye molecules during
continuous laser exposure. In shell-isolated SERS experi-
ments using metal nanoparticles encapsulated by few-layer
graphene (FLG), the SERS signal intensity of cobalt phthalo-
cyanine (CoP) has been shown to be constant over a time
range of 160 s In another study, Zhao et al. presented
R6G molecules being sandwiched between a Ag surface
and a monolayer of graphene leading to enhanced photo-
stability of the R6G molecules due to isolation from ambient
oxygen.?4

Here, we introduce a novel kind of multifunctional hybrid
material in which the programmability of DNA origami
structures, the optical properties of AuNPs, as well as the
protective properties of graphene are efficiently merged. The
synergistic properties of these hybrid structures are investi-
gated with respect to their SERS performance, polarization

40 nm AuNPs

% Adsorption

DNA origami substrate

Si/ Sio,

o 5 (TTT),TX-SH-3'
X = TAMRA
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dependence of the SERS signal, and photostability of the
dyes.

2. Results and Discussion

2.1. Synthesis of DNA Origami-AuNP Dimer-Graphene (AuDG)
Hybrid Structures and Atomic Force Microscopy (AFM)-SERS
Correlation

An overview of the two-step synthesis of the AuDG hybrid
structures is depicted in Figure 1a. Initially, triangular DNA
origami substrates are folded with a set of 208 staple strands
using the genome of the bacteriophage M13mpl8 as scaf-
fold. Each DNA origami substrate contains four capture
sequences for each AuNP (5-(AAA)T,-3") protruding
from opposite sides of the DNA origami triangle. Further-
more, 40 nm AuNPs are coated with dye-modified ssDNA
(5-(TTT),TX-SH-3" or 5-X-(TTT),T-SH-3"; X = carboxyte-
tramethylrhodamine (TAMRA)). During a DNA hybridiza-
tion process between the capture strands of the DNA origami
substrates and the coating strands of the AuNPs the initial
dimeric structures are created. Subsequently, the dimers are
adsorbed on Si wafers covered with a layer of 290 nm thick
dry thermal oxide (Si/SiO,), which enhances the optical con-
trast within graphene and therefore allows for its identifica-
tion.3] Since the mixture is not further purified after DNA
hybridization AuNP dimers coexist with unbound AuNPs. In
a second step graphene is deposited on top of the immobi-
lized structures following the classical micromechanical exfo-
liation process!'% resulting in AuDG hybrid structures.
Subsequent correlation of AFM and SERS images allows
for a direct assignment of SERS signals to defined struc-
tures which is illustrated in Figure 1b (left: AFM image;
right: SERS image). Usually, in AFM images of AuDG

Mechanical
exfoliation

graphite

Figure 1. Scheme of sample preparation and correlated AFM-SERS imaging. a) AuNP dimers attached to DNA origami substrates coexisting with
single 40 nm TAMRA-modified AuNPs are adsorbed on an Si/SiO, substrate. In a second step graphene is exfoliated on top of the aforementioned
structures by mechanical exfoliation resulting in numerous variations of structures: AuNP dimers can be covered by single-layer graphene (SLG),
bilayer graphene (BLG), trilayer graphene (TLG), few-layer graphene (FLG), or graphite. b) Large-size AFM image of one graphene flake exfoliated
on top of AuNPs (left) as well as the corresponding Raman map of a selected area (right). ¢) AFM image of single AuNPs as well as AuNP dimers
(marked with white circles) covered by SLG. d) High-resolution AFM images of AuDG hybrid structures with two 40 nm AuNPs attached to one side
of the triangle in which a part of the DNA origami triangle is visible (white arrows). The folds of the SLG flake surrounding the hybrid structure are

also clearly apparent.
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hybrid structures solely the AuNP dimers 900

are visible (Figure 1c, white circles) due
to the geometrical arrangement of the
AuNPs with respect to the DNA origami
substrate preventing the DNA origami
from flat adsorption.['¥] However, when
the two AuNPs are attached to one side
of the DNA origami substrate and when
the structures are located in close prox-
imity to the edge of the graphene flake the
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become visible (Figure 1d, white arrows).
Due to the larger gap size between the
two AuNPs and the related reduced SERS
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signal this design of hybrid structure is not
further investigated.

2.2. Dye-Modified Single AuNPs Covered
by SLG

Basically, the TAMRA modification might
be introduced at any position within
the DNA coating strands of the AuNPs.
Upon covering the structures with SLG

Intensity / counts

Intensity / counts

.

1.4

some TAMRA molecules surrounding the
AuNPs are sandwiched in between the Au
surface and the graphene layer. Since both
materials are known to influence the
optical properties of dye molecules such
as fluorescencel”®*® and Raman scat-
tering!®”! it is crucial to investigate the
SERS performance of individual struc-
tures in dependence of the relative dye
position. To disentangle additional effects
due to hot spot formation within dimeric
structures, also very basic SERS experiments on differently
designed single 40 nm AuNPs are performed.

In the first case, the TAMRA dye is positioned in close
vicinity to the AuNP surface using the 5-(TTT),TX-SH-3’
(X =TAMRA) sequence as coating strands (Figure 2a). The
same type of AuNPs is studied with SLG on top (Figure 2b).
In the second case, the TAMRA dye is positioned further
away from the AuNP surface by coating the particles with
the 5-X-(TTT),T-SH-3" sequence and thereby introducing
a DNA spacer of 13 bases between dye and Au surface. In
order to reduce the concentration of TAMRA molecules
per particle, coating strands without dye are introduced
(Figure 2c). Again, the same type of AuNPs covered by SLG
is studied (Figure 2d). In all cases SERS measurements on
single AuNPs are accompanied by AFM measurements in
order to confirm the origin of each signal. In every SERS
series (Figure 2a—d) the characteristic TAMRA bands!*?! are
marked with a green star whereby the peaks at =1361 and
1654 cm™! are visible in all spectra and additional peaks at
1222, 1509, 1538, and 1570 cm™ only appear in some cases.
For AuNPs coated by DNA with TAMRA at the 5-end
(Figure 2c,d) a slight red-shift of 4 cm™ for the two most
prominent TAMRA bands is observed resulting in spectral

T
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arising from several
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Figure 2. SERS spectra of differently functionalized AuNPs. Comparison of SERS spectra

different single 40 nm AuNPs coated with TAMRA-modified ssDNA.

a,b) In these cases the TAMRA dye is located close to the AuNP surface (5’-(TTT),TX-SH-3’
(X = TAMRA)), whereas c,d) in these cases dye and AuNP surface are separated by 13 DNA
bases (5’-X(TTT),T-SH-3" (X = TAMRA)). Additionally, AuNPs in (b) and (d) are covered by SLG.
The characteristic TAMRA bands (green stars) as well as the typical G and 2D bands of SLG
are marked. Laser wavelength: 532 nm, laser power: 80 pW, integration time: 10 s. Recorded
noise data are given in counts.

positions of 1357 and 1650 cm™', which is attributed to dis-
tance-dependent interactions between the dye molecules
and the gold surface. Upon graphene encapsulation no fur-
ther shift of the spectral positions of the TAMRA bands is
noticed.

Furthermore, in the two cases with SLG (Figure 2b,d)
the two characteristic bands arising from graphene (G band
(1586 cm™') and 2D band (2680 cm™)) are highlighted. Both
bands are highly sensitive to dopingl**! and strain[*-#4]
which can cause peak shifts of several cm™' even for pris-
tine graphene without underlying AuNPs. Therefore, the
slight variations in peak positions for the G and the 2D
band which can be observed over the whole area of the gra-
phene flake cannot be directly correlated to doping or strain
caused by the AuNPs. For all SERS spectra of each series the
noise within the spectral range of 1800-2200 cm™' is deter-
mined and stated next to each spectrum (in units of counts,
Figure 2a-d).

Comparing  the  two cases  without  SLG
(Figure 2a,c) it is obvious that the fluorescence background
due to the resonant excitation of the TAMRA molecules
(Aem = 582 nm £ 1610 cm™) is more pronounced when the
dyes are located at the 5’-end and thereby separated from
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the AuNP surface (Figure 2c). This is in good agreement with
the known distance dependence of fluorescence enhance-
mentl’l and fluorescence quenching.[®! In both cases without
graphene a broad distribution of SERS intensities can be
observed which is attributed to slight variations in AuNP
sizes, numbers of TAMRA molecules per particle, as well
as different photobleaching rates for individual AuNPs. The
absolute SERS intensities obtained from AuNPs coated by
DNA with TAMRA at the 3"-end or 5-end cannot directly
be compared since in the latter case a mixture of dye-modi-
fied and non-modified sequences was used as coating strands.
However, both the noise averaged over all spectra and the
maximum noise among all spectra are higher in the case of
TAMRA being at the 5”-end (average: 6.5 counts; maximum:
13.0 counts) (Figure 2c¢) compared to TAMRA at the 3’-end
(average: 3.4 counts; maximum: 6.6 counts) (Figure 2a).

For both types of AuNPs (with TAMRA being close to
the AuNP surface (Figure 2a) or further apart from it and
thus closer to graphene (Figure 2c)) the appearance of the
SERS spectra is dramatically influenced by graphene encap-
sulation (Figure 2b,d). In the case of TAMRA being at the
3’-end (Figure 2b) the fluorescence background appears to
be efficiently quenched resulting in a cleaner baseline com-
pared to the analogue non-covered AuNPs (Figure 2a). The
function of graphene as a potential quencher of fluorescence
from dye (R6G) molecules was first described by Xie et al.>‘]
and afterward also confirmed for the photoluminescence
arising from a gold surface.[*] In the first case the quenching
process was postulated to be caused by a resonance energy
transfer from dyes to graphene enabled by considerable n—n
interactions.?**?! However, within the here presented struc-
tures direct 7—r interactions between the TAMRA molecules
and the graphene layer may not occur since both are sepa-
rated by the DNA coating whose thickness is estimated to
be 2.5 nm.['l Nevertheless, a remarkable quenching of the
fluorescence background is observed. Although the nature
of this effect is not resolved here, two possible explanations
might be considered. On the one hand, based on the dis-
tance between TAMRA molecules and graphene an energy
transfer from excited dye molecules to SLG is conceivable.
Typical energy transfer processes such as Forster resonance
energy transfer (FRET) can be observed for distances
between 1 and 10 nm/*”! which is in good agreement with
the here considered system. On the other hand, it cannot
be excluded that a DNA-mediated charge transfer mecha-
nism from the AuNPs to SLG is involved in the fluorescence
quenching process similar to observations by Fritzsche and
co-workers.[*4] They found that the excitation of a silver
nanoparticle can be transferred via a dsDNA nanowire over
a distance of several micrometers resulting in photobleaching
of intercalating dyes. In the case of the here presented struc-
tures, also a combination of both, energy transfer and charge
transfer, is conceivable.

Compared to their non-covered analogues the values for
the average noise and the maximum noise are reduced for
both, TAMRA located at the 3’-end (average: 2.6 counts;
maximum: 3.5 counts; Figure 2b) as well as at the 5-end
(average: 3.0 counts, maximum: 5.7 counts; Figure 2d). Fur-
thermore, the distribution of SERS intensities arising from

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the TAMRA signals is much narrower compared to the three
other cases (Figure 2a,c,d).

The aforementioned 77 interactions responsible for an
effective resonance energy transfer between dye molecules
and graphene should be enabled if the TAMRA modification
is located at the 5’-end of the AuNP coating strands. Inter-
estingly, the SERS spectra arising from those types of struc-
tures seem to be categorized in two classes (Figure 2d). On
the one hand, the three upper SERS spectra clearly display
the characteristic fluorescence background of TAMRA with
a maximum at =1610 cm™. However, the different appear-
ance of the backgrounds in the following three spectra can
be assigned to the typical photoluminescence background
characteristic for AuNPs with diameters less than 150 nm.[2"]
The occurring differences are most probably due to a dif-
ferent extent of contact between SLG and the underlying
AuNPs. Although at least some of the TAMRA molecules
get in direct contact to the SLG their fluorescence is not sig-
nificantly quenched in the case of the upper three spectra.
For the following three AuNPs the interactions between
graphene and the TAMRA molecules are more pronounced
resulting in efficient fluorescence quenching and a remaining
background whose appearance is defined by the photolumi-
nescence of the AuNPs. This type of luminescence in turn
is not quenched due to an insufficient contact between the
AuNPs and SLG. Phase AFM images of all AuNPs corre-
sponding to the SERS spectra presented in Figure 2b are
shown in Figure S1 (Supporting Information). Addition-
ally, analogue measurements are performed using cyanine 3
(Cy3) as Raman reporter molecule instead of TAMRA (see
Figure S2, Supporting Information).

In summary, these experiments show that the best repro-
ducible TAMRA signals as well as the cleanest baselines are
obtained under two conditions: (a) the TAMRA molecules
have to be located in close proximity to the AuNP surface
in order to experience efficient fluorescence quenching and
(b) the dye-modified AuNPs have to be covered by SLG to
benefit from an additional fluorescence quenching, a reduced
noise level, as well as a narrow distribution of TAMRA signal
intensities. As a consequence, the following discussions are
based on AuDG hybrid structures containing AuNPs with
TAMRA at the 3’-end.

2.3. Comparison of AuNP Dimers and AuDG Hybrid Structures

In the next step AuNP dimers attached to one DNA origami
substrate are investigated. In Figure 3a typical Raman maps
of a surface area covered by different types of graphene
(SLG, FLG, and graphite) are presented. The four maps
exhibit the SERS intensity distributions of the four most
important bands arising from AuNP dimers/AuDG hybrid
structures, that is, (i) the G band (1586 cm™), (ii) the 2D band
(2670 cm™), (iii) the TAMRA band at 1361 cm™, and (iv) the
TAMRA band at 1654 cm™. It has to be mentioned that the
TAMRA band at 1361 cm™ can be spectrally overlapped
by the D band of graphene at 1338 cm™'. For this reason
Raman map (iii) exhibits the SERS intensity distribution
of both peaks. Especially Raman map (iv) shows that there
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Figure 3. AFM-SERS correlation of AuNP dimers and AuDG hybrid structures. a) Raman maps visualizing the SERS intensity distribution of the G
band at 1586 cm™ (i), the 2D band at 2670 cm™! (ii), the D band at 1338 cm™ (spectral overlap with the TAMRA band at 1361 cm™) (iii), and the
most characteristic TAMRA band at 1654 cm™ (iv). b) AFM images of three AuDG hybrid structures (first row; phase images) and three AuNP dimers
(second row; topography images). Scale bars: 200 nm. c¢) Typical SERS spectra of SLG, FLG, and graphite (gray and black spectra). Extended SERS
spectra including the 2D” band at 3245 cm™! which has not been used for any analysis is shown in Figure S3 (Supporting Information). Additionally,
SERS spectra of the AuNP dimers (red spectra) and the hybrid structures (blue spectra) originating from the structures shown in (b) are presented.

Laser wavelength: 532 nm, laser power: 80 pW, integration time: 10 s.

are three different types of AuNP dimers: some covered by
SLG, some covered by FLG, and also non-covered structures.
In Figure 3b phase AFM images of representative AuDG
hybrid structures (A, B, C; first row) as well as topography
AFM images of non-covered AuNP dimers (a, b, c; second
row) are shown. In the case of the AuDG hybrid structures it
is obvious that the graphene layer covering the hybrid struc-
tures is differently folded and therefore the extent of contact
between AuNPs and SLG differs for each individual struc-
ture. For hybrid A several folds within the graphene layer can
be observed as a result of AuNP replication. This is not the
case for hybrid B, and for hybrid C only a few folds are vis-
ible. In Figure 3c correlated SERS spectra arising from the
AuNP dimers (red spectra) and the AuDG hybrid structures
(blue spectra) shown in the AFM images in Figure 3b are
presented. Additionally, for comparison typical SERS spectra
obtained from SLG, FLG, and graphite are shown in gray and
black. A comparison of SERS spectra from AuNP dimers and
AuDG hybrid structures reveals that in both cases the char-
acteristic TAMRA bands!'! at 1219, 1361, 1509, 1538, 1570
(superimposed by the G band for hybrids; blue spectra), and
1654 cm™ can be detected which coincide with the recorded
bands for the single AuNPs (Figure 2b,d). Furthermore, the
SERS spectra of AuDG hybrid structures (blue spectra)
also show the two most characteristic graphene bands at
1586 cm™! (G band) and at 2670 cm™! (2D band) whose spec-
tral positions are in good agreement with the ones detected
for SLG (light gray spectrum). For both types of structures
(AuNP dimers/AuDG hybrids) the overall SERS intensity
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differs for individual structures, which is caused by slight dif-
ferences in AuNP and gap sizes.

2.4. Polarization-Dependent SERS Measurements on AuDG
Hybrid Structures

To test the extent of contact between SLG and underlying
AuNP dimers which is related to induced strain within gra-
phene, polarization-dependent SERS measurements are
performed. In Figure 4 the obtained results for one repre-
sentative AuDG hybrid are presented. Figure 4a shows two
AFM images (left: topography; right: phase) of the investi-
gated structure clearly exhibiting the folds within the cov-
ering SLG flake. In the right image the extension of folds is
marked by yellow dashed lines and the position of the dimer
axis (0°) relative to the angle of polarization is shown. SERS
measurements are performed by using polarized laser light
for excitation (parallel to the dimer axis; 0° A = 532 nm) and
by changing the angle of the detection plane in steps of 15°
for each measurement starting with +90°. In Figure 4b the
corresponding SERS spectra for different polarization angles
are presented. Both, TAMRA signals (green stars) as well as
SLG signals (G and 2D band) arising from the AuDG hybrid
structure in Figure 4a are polarization-dependent.

On the one hand, highest intensities for the TAMRA sig-
nals are detected for the polarization angle parallel to the
axis of the AuNP dimer due to the optimal geometry for
plasmon coupling of the two individual AuNPs.'"l Moving
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Figure 4. Polarization-dependent SERS measurements of one individual AuDG hybrid structure. a) AFM images (left: topography; right: phase)
of one representative AuDG hybrid structure for which polarization-dependent SERS measurements are performed. Scale bars: 100 nm. b) SERS
spectra obtained for different polarization angles in steps of 15°. The most characteristic bands for TAMRA (green stars) and SLG (G and 2D band)
are highlighted. c) Lorentzian fit curves for the 2D band in dependence of the polarization angle. A splitting of the 2D band is observed for
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polarization angles of +60°, —60°, —=75°, and —90°.

away from this optimal polarization angle for plasmon cou-
pling toward —90°/+90° leads to a decrease of the TAMRA
signal intensities. The remaining signal is due to the detec-
tion of scattered light, which is not or only to a small extent
affected by plasmon coupling of the two individual AuNPs.
On the other hand, in the case of SLG a polarization-
dependence of the 2D band at =2670 cm™' can be observed.
This is clarified in Figure 4c where Lorentzian fit curves
for the 2D band under different polarization angles are
presented. Nine of the 13 different SERS spectra can be
described by a single Lorentzian function with a maximum
at around 2670 cm™ (+90°, +75°, +45°, +30°, +15°, 0°, —15°,
—30°, —45°). However, in the case of polarization angles of
+60°, —=60°, —75°, and —90° a second peak at <2630 cm™! arises
resulting in fit curves consisting of two Lorentzian functions
(blue and cyan bands in Figure 4c). From previous reports it
is known that the G band**%! as well as the 2D band*?! in
SLG can split in two components upon uniaxial strain. How-
ever, under the currently applied conditions the G band at
1586 cm™! is not clearly resolved due to low laser intensities
and arising luminescence from the TAMRA dyes, especially
for polarization along the axis of the dimer. Therefore, the
following considerations concerning strain-induced obser-
vations are only based on the 2D band. Generally, splitting
of the 2D band is induced by a change in symmetry of the
graphene lattice upon uniaxial strain.**! As a consequence,
the Dirac cone—representing a scheme of the electronic
dispersion—is displaced from its original position resulting
in altered interactions with its three nearest neighbors. This

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

should result in the appearance of three contributions to
the 2D band, however, the third peak is usually difficult to
observe.[*¥)]

In the case of the AuDG hybrid structure in Figure 4a a
clear correlation between the direction of folds surrounding
the underlying AuNP dimer (yellow dashed lines in
Figure 4a, right) and the polarization-dependent SERS signal
is observed. The relative orientation of the polarization angles
for which a splitting of the 2D band appears (Figure 4c; +60°,
—60°,-75°, and —90°) to the AuNP dimer is in excellent agree-
ment with the direction of folds and therefore with the direc-
tion of uniaxial strain.

It has to be mentioned that the laser spot size (=1.3 um in
diameter) is much larger compared to the size of the AuDG
hybrid structure. The detected SERS signals arising from
SLG therefore contain information about several influences
such as folding, doping,?#! or strain*>*¥ summed up over
the graphene area irradiated by the laser. Therefore, the main
proportion of the band at 2670 cm™! is arising from the area
of SLG which is surrounding the AuDG hybrid structure and
therefore only weakly influenced by the induced strain. The
2D* mode which is expected to appear red-shifted upon uni-
axial strain is most probably superimposed by the band at
2670 cm™!. Nevertheless, confirmed by the appearance of the
2D~ band at 2630 cm™! the strain caused by the underlying
AuNP dimer is obviously high enough to induce a mode split-
ting of the 2D band which is on the order of =40 cm™!. Based
on results obtained by applying controlled strain to SLGI*]
we estimate that the underlying structure in Figure 4a
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induces an uniaxial strain component within the covering
SLG of about 1%-2%.

2.5. Suppression of Photobleaching due to SLG

Photobleaching is an undesired side effect which often
accompanies SERS measurements. It arises from irrevers-
ible decomposition of the analyte molecules caused by
photochemical reactions.’!] Under the here applied condi-
tions we expect heating effects™? as well as reactions with
ambient oxygen[*>*¥ to be the two main sources for damages
of the dye molecules.

In order to investigate the potential of graphene in terms
of suppressing the photobleaching of the TAMRA dyes
SERS time series measurements under continuous laser
exposure for 800 s are performed for individual AuNP dimers
and AuDG hybrid structures (Figure 5). Therefore, SERS
spectra are recorded in time intervals of 10 s and for every
spectrum the signal-to-noise (S/N) ratio for the most intense
TAMRA band at 1654 cm™ is calculated (the noise level is
determined within the spectral range of 1800-2200 cm™
of each spectrum). As can be seen in Figure 5a the S/N
ratio is continuously decreasing for all three AuNP dimers
with increasing laser exposure time. Since the amount of
the aforementioned processes resulting in damages of the
TAMRA molecules differ for each individual structure dif-
ferent photobleaching rates are obtained for dimers i-iii
(inset of Figure 5a). More precisely, for dimers i (black data)
and ii (dark red data) photobleaching rates (with regards to
the S/N ratios) of 3.6 x 102 and 1.7 x 1072 s7! are determined.
On the contrary, the S/N ratio arising from dimer iii (light red

S| s

data) is decreasing following two different photobleaching
rates: 4.7 x 1072 s7! within the first 250 s of laser exposure
and 1.0 x 1072 s7! within the subsequent time interval. In
Figure 5b the time evolution of the associated SERS spectra
for the three investigated AuNP dimers are shown (the two
most characteristic TAMRA bands are marked with a green
star). The SERS spectra are presented in time intervals of
50 s starting with 10 s and ending with 800 s of laser exposure.
Again, the first spectrum of each dimer recorded after 10 s of
integration exhibits different overall SERS intensities, which
is consistent with the aforementioned diversity for individual
structures. In all three SERS time series measurements a sig-
nificant photobleaching during laser exposure for 800 s can
be observed. Interestingly, not only the SERS intensities of
the TAMRA bands but also the noise level is reduced over
time for all AuNP dimers, confirming the correlation between
high SERS intensities and high noise levels (see Figure S4,
Supporting Information for independent time evolutions of
the signal and the noise level).

In contrast to the AuNP dimers a different photo-
bleaching behavior is observed for the AuDG hybrid struc-
tures (Figure Sc,d). For hybrid I and II (Figure Sc, black and
light blue data) the photobleaching rate of the S/N ratio is
nearly identical (5.9 x 10~ and 4.2 x 1073 s7!). Thus, compared
to the non-covered dimers (Figure 5a,b) the photobleaching
rate is reduced by approximately one order of magnitude.

In the case of AuDG hybrid I (black data) the time evolu-
tion of the SERS signal (Figure S4c, Supporting Information)
can be divided in two parts: (1) an initial rapid decrease of
the TAMRA band at 1654 cm™! within the first 60 s of laser
exposure and (2) in between the time interval of 60 and 800 s
the decrease of signal intensity is significantly slowed down.
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Figure 5. Photobleaching behavior of AuNP dimers and AuDG hybrid structures. Time series SERS measurements of a,b) individual non-covered
AuUNP dimers as well as of ¢,d) AuDG hybrid structures. SERS spectra are recorded in time intervals of 10 s using 532 nm laser excitation, a laser
power of 25 pW, and integration times of 10 s. The temporal evolution of the S/N ratio of the TAMRA band at 1654 cm™! is presented as a function
of continuous laser exposure for three AUNP dimers (a) as well as for three AuDG hybrid structures (c). The corresponding SERS spectra recorded
during 800 s of laser exposure are presented in steps of 50 s exposure time for AuNP dimers (b) and AuDG hybrid structures (d).
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This behavior is attributed to different extents of interac-
tions between the TAMRA molecules and the graphene
layer. During the first 60 s of laser exposure the observed
photobleaching is probably caused by those TAMRA dyes
which are not or only weakly interacting with the SLG. Sub-
sequently, the signal is more stable since the remaining intact
TAMRA dyes efficiently interact with the SLG. On the con-
trary, after a slow decrease within the first 200 s the SERS
signal of AuDG hybrid II (Figure S4c, Supporting Informa-
tion, light blue data) stays constant until the end of the laser
exposure confirming that SLG can provide extensive pro-
tection against photobleaching if the dye molecules interact
strongly with the graphene layer. A damage of the SLG upon
laser exposure can be excluded since no Raman modes char-
acteristic for graphene damage such as D band (1338 cm™),
D’ band (=1620 cm™),>! or the combination band D+D’
(=2940 cm™")> are observed.

However, AuDG hybrid TIT (blue data in Figure 5c,d)
also exhibits a time evolution of the TAMRA signal which
can be divided in two different parts, similar to the non-
covered dimer iii (light red data in Figure 5a,b). The initial
time interval (0-450 s of laser exposure) is defined by a
rapid decrease of the S/N ratio with a photobleaching rate
of 3.0 x 107 s7! which is of the same order as for AuNP
dimers. Subsequently, the rate is dramatically reduced to
7.3 x 10~ s7! within the time interval between 450 and 800 s
of laser exposure.

The fact that for some structures two successive
photobleaching rates can be determined allows for the
assumption that the observed decrease in SERS signal inten-
sity is based on at least two different contributions. This is
also confirmed by the time evolutions of the corresponding
noise levels (Figure S4b,d, Supporting Information) and
attributed to (a) heating effects caused by the laser expo-
sure which should be especially pronounced within the hot
spotl20] and (b) reactions with ambient oxygen. In the cases
of AuNP dimers both should significantly contribute to the
total photobleaching rate. However, for AuDG hybrid struc-
tures the SLG is expected to have an effect on both contribu-
tions for two reasons: (1) Since SLG has been demonstrated
to be impermeable to any kind of gases!!®! the reaction with
ambient oxygen can be excluded as possible photobleaching
mechanism. (2) Graphene is known to be an excellent heat
conductor exhibiting values of =5 x 10> W mK~L['7] Thus,
the plasmonically generated heat can be dissipated by the
graphene.

The stronger the coupling of the surface plasmon reso-
nances of the two individual AuNPs within a dimer the
higher is the resulting electromagnetic field enhancement
and thus the expected heating.*? This postulation is in good
agreement with the experimentally observed behavior for
different structures. In the case of AuNP dimers (Figure 5a,b)
the highest initial SERS signal has been recorded for dimer
iii (light red data) which is attributed to a hot spot pro-
viding the highest field enhancements among the three
investigated structures (i-iii). As a consequence, the initial
photobleaching is more significant compared to the other
two AuNP dimers (black and red data) due to higher heat
induced damage.
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A similar behavior is observed for AuDG hybrid struc-
ture III (Figure Sc,d; Figure S4c,d, Supporting Information;
blue data). In this case the contact between SLG and the
underlying AuNPs is probably not strong enough to enable
efficient heat conduction. On the contrary, AuDG hybrid II
exhibits a relatively low initial SERS signal correlated with
a low noise level which both remain constant over the whole
period of 800 s (Figure 5c,d; Figure S4c,d, Supporting Infor-
mation; light blue data). This is caused by a less pronounced
electromagnetic field enhancement within the hot spot
resulting in lower heating effects.

3. Conclusion

In summary, the synthesis of novel AuDG hybrid struc-
tures is reported and their optical properties with regard to
SERS are carefully characterized. We find that AuNPs and
graphene have a competing influence on the appearance of
the fluorescence background obtained by sandwiched dye
molecules. Moreover, a deeper understanding of the hybrid
material is gained by polarization-dependent SERS meas-
urements which allows for precise correlation of visible dis-
order within the graphene layer and spectral mode splitting
of the 2D band. Furthermore, an improved photostability
due to graphene encapsulation resulting in significantly lower
photobleaching rates is clearly demonstrated. This is attrib-
uted to the efficient protection of the dye molecules from
reactions with ambient oxygen by graphene and heat dissipa-
tion from the SERS hot spots.

The novel AuDG hybrid structures combine unique prop-
erties of three different building blocks within one material.
Since every component can be independently tuned, hybrid
structures represent a multifunctional tool in fields such as
biosensing and bioelectronics. In this context, the addressa-
bility of the system introduced by the DNA origami template
is highly beneficial since it allows for the precise arrangement
of nanoparticles and other functional entities such as dyes,
conducting polymers,”’! etc. On the other hand, the struc-
tures might be suitable for promoting investigations in the
field of graphene-enhanced Raman scattering (GERS)[P7-%]
and correlated mechanisms. The main profit in this context is
the possibility of using the DNA origami substrate as medi-
ator in order to precisely tune the interaction between NPs
and graphene.

4. Experimental Section

Preparation of AuDG Hybrid Structures: DNA origami struc-
tures, DNA-coated AuNPs, as well as AuNP dimers were prepared
following a previously published procedure.['3! The synthesis of
DNA origami structures is based on the M13mp18 virus strand
(New England Biolabs) used as scaffold which is folded to trian-
gular shape by the addition of 208 short ssDNA staple strands.[!
Eight staple strands (t-1s6e, t1s6i, t-1s8g, t1s8i and t-2s5f, t-2s7f,
t2s5f, t2s7f) were extended at the 5-end by the capture sequence
5’-(AAA)gT,-3” in order to realize the attachment of two AuNPs per
DNA origami substrate. Extended ssDNA strands were purchased
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from metabion, non-extended from Integrated DNA Technologies.
Citrate-capped 40 nm AuNPs from BBI solutions were coated
with two different types of TAMRA-modified ssDNA (5’-(TTT),
TX-SH-3" or 5’-X-(TTT),, T-SH-3"; X = TAMRA) or Cy3-modified ssDNA
(5’-(ATT)3-T,X-SH-3"; X = Cy3) (Metabion) similar to the protocol of
Ding et al.5%! using adjusted concentrations, reaction times, and
0.02% sodium dodecyl sulfate (SDS, Sigma Aldrich). DNA-coated
AuNPs were attached to DNA origami substrates via DNA hybridiza-
tion. Therefore, a temperature program was applied to a mixture of
DNA origami structures and AuNPs (ratio 1:1). After hybridization
the solution was used without further purification resulting in a
coexistence of AUNP dimers and unbound AuNPs.

Preparation of Si Substrates: Si wafers covered with 290 nm
thick dry thermal oxide (SiO,/Si) (IDB Technologies Ltd.) were
cleaned with acetone (absolute), heated to 250 °C for 10 min,
and finally cleaned using an ozone cleaner (Diener electronic,
ZEPTO) for 10 min. Immediately after ozone cleaning the AuNP
dimers (coexisting with unbound AuNPs) were immobilized by
transferring a 0.5-1.0 pL drop of the hybridization solution to
the Si substrate and adding 40 pL of 10x TAE with 100 X 1073 m
MgCl,. After an incubation time of 60 min Si wafers were rinsed
with ethanol (absolute)/Millipore water (1:1) and dried with com-
pressed air.

Mechanical Exfoliation of Graphene: Graphene was deposited
by the well-established process of micromechanical cleavage.!!6]
Flakes of Kish graphite (Naturgraphite GmbH) were repeatedly
cleaved using sticky tape (Nitto Denko ELP BT150ECM) and after-
ward deposited on top of the AuNP dimers immobilized on Si
substrates. As-prepared Si wafers were stored in methyl isobutyl
ketone (MIBK, Sigma Aldrich) at room temperature for = 3 h. After
removal of the sticky tape, wafers were washed with MIBK and
2-propanole and dried with compressed air. Finally, exfoliated
flakes were cleaved another time using sticky tape and flakes of
SLG were identified using an optical microscope.

AFM Imaging: AFM images were recorded in tapping mode with
a Nanosurf FlexAFM using Tap150Al-G cantilevers (force constant
5 N m™1) (Budget Sensors). For analysis of AFM images the soft-
ware Gwyddion 2.34 (freeware) was used.

Raman Imaging: For SERS measurements a confocal Raman
microscope (WITec alpha300) with an upright optical microscope
was used. The 532 nm excitation laser was coupled into a single-
mode optical fiber and focused to a diffraction-limited point
(1.3 um?) on the sample by passing a 100x objective (Olympus
MPlanFL N, NA = 0.9). Raman images in Figure 3a were performed
using a laser power of 900-1000 pW and an integration time of
2 s. The SERS spectra of SLG, FLG, and graphite (Figure 3c) were
extracted from these Raman images. Further Raman images
(including the image in Figure 1b) were recorded with a laser
power of 80 YW and an integration time of 10 s, and the SERS
spectra a-c and A-C in Figure 3c as well as the spectra in Figure 2
were extracted from these Raman images. All other SERS spectra
were obtained by recording single spectra on predefined positions.
The laser power was further decreased to 25 uW for polarization-
dependent measurements (Figure 4) and time series measure-
ments (Figure 5). Before the beginning of the polarization series
(Figure 4) it was ensured that the SERS signal stayed constant over
three unpolarized measurements. In all cases, the grating of the
spectrograph was set to 600 g mm~. SERS spectra were vertically
shifted for better visualization.
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Abstract We describe transparent and conductive films of liquid-phase exfoliated graphene
deposited with the Langmuir—Blodgett (LB) method. Graphene sheets (GS) were exfoliated
from graphite by ultrasonic treatment in N-Methyl-2-pyrrolidone (NMP) and N,
N-dimethylacetamide (DMA) solvents. For comparison, graphene sheets were also exfoli-
ated in a water solution of surfactants. We confirm a higher exfoliation rate for surfactant-
based processing compared to NMP and DMA. Furthermore, we demonstrate that our films
exfoliated in NMP and DMA, deposited with LB and annealed have a higher optical trans-
mittance and lower sheet resistance compared to films obtained with vacuum filtration, which
is a necessary step for GS exfoliated in water solutions. The structural, optical and electrical
properties of graphene layers were characterized with scanning electron microscopy, atomic
force microscopy, UV/VIS spectrophotometry and sheet resistance measurements. Our facile
and reproducible method results in high-quality transparent conductive films with potential
applications in flexible and printed electronics and coating technology.

Keywords Graphene - LPE - Langmuir—Blodgett assembly

1 Introduction

Transparent conductors are an essential part of many optical devices. Many of the thin
metallic or metal oxide films used as transparent conductors (Granqvist 2007) exhibit
nonuniform absorption across the visible spectrum (Phillips et al. 1994), or they are

This article is part of the Topical Collection on Advances in the Science of Light.

Guest Edited by Jelena Radovanovic, Milutin Stepic, Mikhail Sumetsky, Mauro Pereira and Dragan Indjin.

D4 Tijana Tomasevi¢-Ili¢
ttijana@ipb.ac.rs

Center for Solid State Physics and New Materials, Institute of Physics, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia

Published online: 14 May 2016 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-016-0591-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-016-0591-1&amp;domain=pdf

319 Page2of 7 T. Tomas “evi¢-Ili¢ et al.

chemically unstable, or both (Scott et al. 1996; Schlatmann et al. 1996). The experimental
discovery of graphene (Novoselov et al. 2004) brought a new alternative to this field.
Graphene is a material with high optical transparency, large carrier mobility, good
chemical stability, and mechanical strength, making it an excellent choice for transparent
electrodes in various optoelectronic devices (Blake et al. 2008).

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

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

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

2 Experimental procedure

All chemicals used were purchased from Sigma Aldrich: graphite powder (product number
332461), N-Methyl-2-pyrrolidone (product number 328634), N, N-dimethylacetamide
(product number 38840), sodium dodecylbenzenesulfonate (product number 289957) and
Pluronic P-123 (product number 435467). The particular graphite powder product was
chosen for its large initial flake size, which should result in the largest possible graphene

@ Springer



Transparent and conductive films from liquid phase... Page 30of 7 319

flakes after exfoliation. Stock solutions of SDBS and P-123 of different concentrations
were prepared in deionized water (resistivity 18 MQ) by stirring overnight. A range of
graphene dispersions were prepared. A typical sample was prepared by dispersing graphite
in the desired solvent using from 30 min to 14 h of sonication in a low power sonic bath.
The resulting dispersion was centrifuged for 60 min at 3000 rpm in order to reduce the
amount of unexfoliated graphite.

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

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

3 Results and discussion

We optimized for high graphene concentration and large flake size, tuning exfoliation
conditions such as initial graphite concentration, sonication time and solvent type. The
Lambert—Beer law was applied to UV-VIS absorption spectra to find graphene concen-
tration. The concentration was estimated from the absorbance at 660 nm by using the
extinction coefficient of graphene (o = 13.90 mL mg~' m™") previously determined in
surfactant/water solutions (Hernandez et al. 2008; Lotya et al. 2009; Guardia et al. 2011)
and (o0 = 24.60 mL mg_l m~!) in NMP and DMA solutions (Hernandez et al. 2008).
Figure 2a depicts a higher final concentration for surfactant-based processing for all initial
concentrations of graphite powder, from 0.5 to 18 mg mL™'. The most commonly used
deposition technique for LPE GS is vacuum filtration. This is a necessary step for GS
exfoliated in water solutions. For GS films formed by evaporation of a high boiling point

Fig. 1 Schematic (a) (b) LBA GS film
representations of a LBA GS film @ NMP + GS on substrate
/

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

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

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

The electrical conductivity is affected by the size and connectivity of the flakes as well
as the thickness of the films. Our average GS diameter was is 120 nm, as measured with
SEM (Fig. 5). SEM also revealed the presence of pinholes between flakes for a single LB
deposition, which probably results in parasitic sheet resistance (Fig. 5a). In order to
remove the residual solvent between the overlapping flakes, which may affect transport, we
employed thermal annealing. Annealing does not repair the holes and other irreversible
defects (Fig. 5b), but it can remove residual solvents, improving the coupling between
graphene flakes and hence decreasing sheet resistance. For a single LB deposition,
annealing reduced sheet resistance by about six times, without considerably decreasing
transparency (Fig. 4). The sheet resistance of a singly deposited film after annealing was
found to be between 10 and 20 k€)/sq, a significant improvement over other published data.
After annealing we performed a second LB deposition and achieved sheet resistance of

—_
&
-
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2
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= NMP = 0.5 mg/ml .
= 300 4 = 4004 |= 2 mg/ml %
£ £ 4 12 mg/ml ’ I
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£ 200 Oé) 300 | o 18 mg/ml 1
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5 § 200
= =
£ 100 = 100
= ] 4
o <
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Fig. 2 Concentration of dispersed graphene: a in different solutions for different initial graphite

concentration and sonication time of 5 h, b in NMP for different sonication time and different initial
graphite concentration
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Fig. 3 a AFM image of a LB graphene film on a SiO,/Si substrate, b an LB GS film/substrate height
histogram fitted with a log-normal curve
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Fig. 4 Optical transmittance versus sheet resistance for varying number of LB deposition of graphene
sheets on PET exfoliated in NMP before (red) and after annealing (black), compared to graphene films
obtained with vacuum filtration in the same solvent (blue) (Hernandez et al. 2008) and graphene films
obtained with vacuum filtration in surfactant/water solutions (green) (Lotya et al. 2009) before and after
annealing. (Color figure online)

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

4 Conclusion

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