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Experimental study of irradiated few-layer graphene

Abstract. Few layer graphene fragments were obtained by mechanical exfoliation technique on copper
grid for TEM, irradiated by 100 keV electrons and characterized by optical microscopy, scanning electron
microscopy, the energy dispersive X-ray spectroscopy and Raman spectroscopy. In order to achieve higher
sensitivity on surface carbon nanostructures the low-energy probing (1 keV) by the energy dispersive spec-
troscopy was used. Data of the energy dispersive X-ray spectroscopy allows to obtain well distinct levels of
carbon and to determine a minimum step level relating to one graphene layer. Raman spectra shows apparent
contribution of the D-peak, indicating radiation damage after 100 keV irradiation and conventional medium
electron microscopy investigations. The weak effect of radiation damage has also been revealed after low-
energy (2 keV) observation and energy dispersive X-ray measurements using 1 keV primary electron beam.
Keywords: graphene, carbon nanostructures, mechanical exfoliation, X-ray spectroscopy, Raman spectros-

copy.

Introduction

The scientific and technological significance
of graphene is linked with its good combination of
both unique physical and mechanical properties.
It is well known, that graphene is being very
promising material for applications in modern and
future nanotechnologies and can be used in many
types of sensors and devices in many application
areas. Therefore, graphene, in spite of its recent
availability for experimental investigations [1] is an
object of great interest for many researches [2-8].

Unfortunately, identification and characteriza-
tion of ultrathin graphite and graphene fragments
after mechanical production from highly oriented
pyrolytical graphite can be performed with some
limitations and difficulties. Moreover, as for gra-
phene, its fragments are usually dispersed among
more thicker few-layers and thin graphite pieces on
a substrate surface. Discovering the few-layer gra-
phene fragments in SEM or in optical microscope
usually includes selecting some areas of the surface
with nanoobjects by the secondary electron image
contrast differences. Using of analytical methods for
characterization of ultrathin graphite and graphene

is not widespread till present. Taking into account
that during SEM investigations radiation structural
defects can be produced [3,7,9,10] in this paper we
have focused on the using the combination of the
low-energy SEM investigations with energy dis-
persive X-ray analysis and Raman spectroscopy by
nondestructive searching and characterizing thin
graphite and graphene fragments, arranged on a
copper substrate.

Experiment and results

Thin graphite and graphene pieces were arranged
on a copper substrate due mechanical exfoliation
of highly oriented pyrolytical graphite [1]. Two
types of substrate were used: copper grid for TEM
and copper polycrystal substrate after mechanical
polishing. All graphite fragments were initially
observed with an optical microscopy. We have
supposed that large difference of atomic numbers
between carbon and copper make it easier to select
ultrathin carbon fragments by SEM Quanta 3D 2001
dual beam system. All composition measurements
were performed with the help of the EDAX
Ametek system built in SEM. Raman scattering
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measurements were performed by NT-MDT
NTegra confocal spectrometer at room temperature
in backscattering geometry using the 473 nm line
of a semiconductor laser. The spectrometer was
calibrated using the frequency of the optical phonon
peak (1332 cm™) of mono crystalline diamond. The
scattered light was dispersed and detected with
cooled charge couple device detector.

The few layer graphene fragments were irradiated
by TEM 100 keV electrons in Texas State University,
with fluence 2*10" m/cm? at room temperature.
The main operating regime, which was used by
SEM observations: V=20 keV (the probe size was
equal to 2 nm, with the beam current 0.12 nA.) by
the conventional medium energy SEM operation
and V=2 keV by searching graphene in low-energy
mode in order to avoid radiation damage. The EDX
measurements were conducted by the low-energy
primary electron-beam. We have taken into account
that a maximum value of ionization cross-section for
a K-level with a binding energy E, corresponds to the
relation V/E, =3-4 [11]. As for carbon E =285 €V, so
the energy of the primary electron beam as large as 1

10,0 pm

keV was selected. The number of X-rays emitted is
approximately proportional to the size of the volume
that is subjected to irradiation. Proportionality
between graphene stack thickness and the signal of the
EDX X-ray detector is observed if spot area, current
and value of e-beam energy are kept constant. During
all EDX measurements parameters were used as
follows: spot of 2 nm diameter, 1 keV e-beam energy
and the beam current 0.12 nA. The composition of the
copper surface free of graphite flaks, determined by
the EDX technique at the energy of the electron beam
2 keV was as follows: Cu - 46%, C - 44%, O — 10%
(at%). The level of the background surface impurity
of carbon was nearly constant on the surface with
very low variations (= 2%).

Figure 1 presents typical image of areas with
carbon layers on surface obtained by using low-
energy primary electron beam (2 keV). One can
see several areas which are well distinguished on
the contrast. Figure 2 presents EDX - intensities
of carbon at marked areas after background
subtraction. The background level, measured in the
same arbitrary units was equal to 14.0 £0.3 .

Figure 1 — Optical imagies of graphite flakes with the marked areas
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Figure 2 — SEM imagies of graphite flakes with the marked areas
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EDX signal was recorded in 5 different points for
every fragment. The accuracy of the data presented
in Figure 2 is equal to 5%. One can see that all
histograms in Figure 2 show obviously discrete
structure and are approximately multiples of 5 a.u.,

and moreover, the minimum intensity level which
corresponds to the layer with a minimum contrast
(the fragment 4) is also equal to 5 0.1 au. It
would be reasonably to suppose, that this minimum
intensity level corresponds to single graphene layer.

1 2

3 4 5

Number of the area

Figure 3 — The carbon EDX intensities from the marked areas presented in Fig.2

In order to confirm that we deal with very thin
layers of graphite, the additional measurement of the
EDX intensities by different angles 6 between the
normal to the surface investigated and the electron
beam direction were performed (Fig.3). One can
see, that data presented are in a fine agreement with

1., a.u.

The measurements were performed on the area 2.

a “I /cos 0” - dependence, where I is the intensity
of carbon at 0 =0. It confirms that in our case the
thikness of the fragment investigated is less than
the depth of X-rays generation from carbon K-level
(285 eV) for 1 keV electron beam, which is less
than nearly 1 nm [11].

19,9

20 40
tilt angle. deg

Figure 4 — A typical dependence of the EDX intensity on tilt angle
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Figure 5 presents typical Raman spectra of the
fragments investigated. It is known [6,10], that
graphite mono-crystal has a single Raman active
mode, which is zone center mode at nearly 1580
cm labeled “G” for graphite. Disordered graphite
has a second mode at around 1350 cm™ labeled
“D” for “disorder”. It corresponds to the breathing
vibrations of rings at the graphitic cluster. This mode
is forbidden in perfect graphite and only becomes
active in the presence of disorder. Fig.4 allows to
compare effect of low- and medium energy electron
beams. In pristine fragment one can see only the
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distinct G peak near 1585 cm’, that indicates the
high quality of crystalline structure. After using the
low-energy probe (2 keV SEM- observation and 1
keV EDX-measurements), the Raman spectrum
reveals G- and weak D-peak, which indicates the
low contribution of a defect structure. One can
see, that after using the medium energy regime of
observation (20 keV), D-peak is obviously much
more larger. This result is in a good agreement with
data, recently reported in [10] about a radiation
damage observed in graphene structure under SEM
observations.
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Figure 5 — Raman spectra of sample before and after energy 100 keV beam irradiation

Figure 5 shows a proposed typical picture of
three layer graphene with bridge-like radiation
defects which link together graphene sheets. One
can see that the effective distance between graphene
layers after irradiation becomes smaller than in
initial state. This computer model explains essential
changes in Raman spectra after irradiation. In more
detailed results of computer simulation of bridge-
like radiation defects were published recently in
[12,13].

Conclusion

In conclusion, we have irradiated by fast on
the copper surface thin graphite and grapheme
fragments obtained by mechanical exfoliation and
used low-energy scanning electron microscopy,
energy dispersive X-ray and the Raman
spectroscopy to characterize carbon nanostructures.
Well distinguished changes in Raman spectra
(intensities and positions of G,D and 2D peaks)
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were observed. Discrete steps between carbon peak
intensities, obtained by the low-energy dispersive
X-ray spectroscopy was interpreted as indicating to
variation of the depth equal to one or a few graphene
layers.
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N.A. Upiranos, H.P. I'yceiinos, P.P. Hemkaesa, b.A. bopucos, A.M. Unbun
BipHeme kadaTbl 6ap rpadeHHiH coyeseHaipiiren 6esikrepin To:kipude xky3iHae seprrey

I'pacdenniy Oipueme kabarrapbeiHbiH Geoikrepi TEM ymmiH MBICTaH jkacairaH TOPABIH O€TiHAE MEXaHHMKAJBIK JKaHKAJIAy dJici
apKbpUIbl anblHFaH OonarbiH. Keliin ynrinep sueprusicel 100 k3B keTeTiH 2JIeKTpOHIApMEH COyJelIeHIIPLTiN, ONTHKAJIBIK KOHE
CKaHUPJICYIl 2JIEKTPOH/IBIK MUKPOCKOIIMS, SHEPTOMUCIICPCHSUIBI PEHTTEHAIK, PaMaHIBIK CHEKTPOCKOIHS SMIiCTEPIMEH 3epTTelreH
OonarbiH. Ce3IMTaJABIFBIH  JKOFApbUIaTy MAaKCaThbIHAA KOMIPTEKTI HAaHOKYPBUIBIMIAPIBIH OeT-OenepiHe DHEpPrusichl TOMEH
SHEPTOAMCIIEPCHSIIBIK CIIEKTPOCKONHS KOJIAHBUIFAH OONAThIH. DHEProANCICPCHSIIBI PEHTTEHAIK CIEKTPOCKOIHS apKbLIbI ajJbIHFaH
HOTIDKEJIEP/IIH KOMETiMeH JKaKChl a)KbIPAaThUIATHIH KOMIPTEK JEHIeIIIepiH aiyFa jkoHe rpadeHHIH Oipiik KabaThlHAa CoWKec KeJeTiH
MHHHUMAJI JA€HTeHiH aHBIKTayFa MYMKIHZIIK Oepai. Paman crexrpinge D-mukiHiH naiina 6omysl coraH calikec anekTponmapmed (100
K3B) jkoHE AIEKTPOHABIK MHUKPOCKOIHS apKBUTBI CAYIISNICHAIPY MpOIlecTepiHeH KeHiH pajnanisuIbK aKaylap/AblH Maiaa OoIysl Typatst
nonenei. Paguanusiielk akaynapabiH aciz a¢dexrici sHeprusichl 1 k3B 0oiaThH eKiHIN PETTIK MEKTPOHIAp aFbIHBIH MaiianaHa
OTBIPBII, TOMEHT1 SHEePrHsUIbIK (2 K9B) sHeproancrepcHsiIbl peHTIeHIIK oJIeMaepaeH Keifin GalKabL.

Tyiiin co30ep: rpadeH, KOMIPTEKTi HAHOKYPHUIBIMIAP, MEXaHUKAJBIK YCAKTall >apy, PEHTTeH CIEeKTPOCKOIHSCH, Paman
CIEKTPOCKOIHSICHIL.

N.A. Upiranos, H.P. I'yceiinos, P.P. Hemkaesa, b.A. bopucos, A.M. Unsun
JKCIHEPUMEHTAIbHOE H3y4YeHHe 00JIy4eHHOI0 MHOI0CJ10iiHOro rpadena

®OparMeHTH HECKOJIBKUX CII0EB IrpadeHa ObIIH MOTydeHBI METOJOM MEXaHHYECKOTO OTIICIUICHHSI Ha MEAHBIX ceTkax st TEM,
nanee o0pasisl ObLTH 00TyueHs! anekTpoHamu 100 k3B 1 mpoanan3upoBaHbI ¢ OMOIIBIO ONTHYECKONW M CKAaHUPYIOIMICH 2JIeKTPOHHOM
MHKPOCKOIINY, SHEPrOANUCIIEPCHOHHONH pEHTICHOBCKOM M pPaMaHOBCKOW crekTpockormmu. st oOecriedeHust Ooiee BBICOKOM
YyBCTBHTECIILHOCTH Ha IIOBEPXHOCTH YIVNIEPOAHBIX HAHOCTPYKTYp OblIa NPHMEHEHAa HU3KOPHEPIreTHYHAs YHEProHCHEepCHOHHAsS
cnekrpockonus. JlaHHble YHEPIreIUCIIEPCUOHHON PEHTICHOBCKOM CIIEKTPOCKONUY ITO3BOIMIN NOIYy4YUTh XOPOLIO pa3In4UMble YPOBHH
yTIeposa U ONpeneInTh MUHUMAIGHBII YPOBEHb COOTBETCTBYIOMINI SMHIYHOMY CIIOI0 rpadeHa. PaMaHOBCKHIT CIIEKTP TOKa3hIBaeT
nosiBNieHNe D-Timka, CBUETENBCTBYS O PaAnaliOHHOM MOBPEXAECHUN mocie oomydenns snekrponamu (100 x3B) u mocne o6sraHOrO
M3YYEHHsI C ITTOMOINBIO IEKTPOHHOIH MuKpockornuu. Ciadblif 3(eKT paauanroHHBIX MOBPEXKIECHHH Taroke HAaOIIOAANCs MOcie
HHU3KO9HEPreTHYHOTro (2 k3B) HaOmroneHns ¥ SHEProIiCcIepCHOHHOTO PEHTICHOBCKOTO M3MEPEHHs C HCIIONB30BAaHHEM INEPBHIHOTO
9JIEKTPOHHOTO Iy4Ka sHeprueil B 1 kaB.

Kniouesvle cnoga: tpadeH, ymiepogHble HAHOCTPYKTYPHI, MEXaHHUYECKOE OTIICIUICHHE, PEHTICHOBCKAasl CHEKTPOCKOMHS,
paMaHOBCKasl CTIEKTPOCKOIIHSL.
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