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ABSTRACT: Low-energy ion scattering (LEIS) is known for © carbon o tin

its extreme surface sensitivity, as it yields a quantitative analysis © sodium © iron i sp3 carbon
of the outermost surface as well as highly resolved in-depth  |&%ecfo pMMA resist ® CVD graphene
information for ultrathin surface layers. Hence, it could have |(Polymethyl methacrylate)

been generally considered to be a suitable technique for the

analysis of graphene samples. However, due to the low 0"

scattering cross section for light elements such as carbon, LEIS ‘ A 10" / ]
has not become a common technique for the characterization '“V”’V o® sm
of graphene. In the present study we use a high-sensitivity LEIS  cvD graphene \/7

instrument with parallel energy analysis for the characterization WWMM 0%

of CVD graphene transferred to thermal silica/silicon [SiO,

substrates. Thanks to its high sensitivity and the exceptional  silicon

depth resolution typical of LEIS, the graphene layer closure

was verified, and different kinds of contaminants were detected, quantified, and localized within the graphene structure. Utilizing
the extraordinarily strong neutralization of helium by carbon atoms in graphene, LEIS experiments performed at several primary
ion energies permit us to distinguish carbon in graphene from that in nongraphitic forms (e.g, the remains of a resist).
Furthermore, metal impurities such as Fe, Sn, and Na located at the graphene—silica interface (intercalated) are detected, and the
coverages of Fe and Sn are determined. Hence, high-resolution LEIS is capable of both checking the purity of graphene surfaces
and detecting impurities incorporated into graphene layers or their interfaces. Thus, it is a suitable method for monitoring the
quality of the whole fabrication process of graphene, including its transfer on various substrates.

e graphite, sp2 band

S/(c dojdo)
=X

He ° 1.5, 3, 5 keV

An optimal graphene structure exhibits unique electronic
properties such as very low electrical resistance, extremely
high carrier mobility," ferromagnetic properties,” and unprece-
dented mechanical strength.” This has generated new
applications such as gas sensors and biosensors,"
transistors, light detectors and solar cells,”® and graphene-
based membranes.” However, the performance and reliability of
the properties of these devices are generally negatively affected
(degraded) by defects in the graphene layer or by surface

1. INTRODUCTION graphene is an ideal representative of 2D materials, it has a

specific thickness defined by two external interfaces. For
instance, wet transferred CVD graphene'® is generally affected
by residual resists on the top side'’ and by metal contaminants
at both interfaces and in interstitial positions."”

~6 THq Integral information about graphene and its defects and
contamination is rather easily obtained by standard analytical
methods such as Raman spectroscopy (RS) and X-ray
photoelectron spectroscopy (XPS). However, since graphene
is investigated as a one-atomic-layer-thick or few-atomic-layers-
thick material, the analysis is hampered by the much larger

impurities and impurities at the interface between the
monolayer of graphene and the substrate (intercalated).
While the structural defects (point and line defects)'® influence
the mechanical and electronic properties,'"'* contamination
due to surface and intercalated impurities almost exclusively
affects the electronic properties.” A serious effort was made to

depth of information of most analytical techniques. A reliable
analytical technique for the detection and quantification of
these ultrathin layers and its impurities is critically lacking in
this emerging research area.

optimize the CVD graphene transfer to the desired substrates Received: May 30, 2015
as well as to chemical- and annealing-based cleaning and Revised:  July 21, 2015
monitoring of the graphene contamination.'*™"” Although Published: July 22, 2015
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Low energy ion scattering (LEIS) is known for its extreme
surface sensitivity. It gives a quantitative analysis of the
outermost surface as well as highly resolved in-depth
information for ultrathin layers.'””" Since at low energies
(1—10 keV) the scattering cross sections scale with the atomic
number, the sensitivity for a light element such as carbon is
relatively poor for standard LEIS. Due to the fact that He" ions
are detected in LEIS, the scattered ion energy is low as a result
of the low mass ratio for this target-projectile combination. The
resulting low velocity of the scattered He® at its outgoing
trajectory results in a very effective neutralization and thus in a
particularly low LEIS signal. An additional problem is that
carbon is a common contaminant in surface analysis, while it is
also known that the surface of graphene is susceptible to
contamination by resist residues”' and other organic molecules.
Thus, for a reliable study it is crucial to be able to distinguish
the carbon related to such a contamination from the carbon in
graphene. Since the atomic sensitivities for LEIS are, in general,
independent of the neighboring atoms (“absence of matrix
effects”),”” one might be tempted to exclude LEIS as a useful
analysis technique for graphene characterization. In fact, there
has been no systematic LEIS study of graphene published until
now.

For graphitic and carbidic carbon, however, an exceptionally
strong matrix effect has been observed.””*” In the present study
this matrix effect is exploited to distinguish graphene carbon
from other types of carbon representing graphene contami-
nants. The unique electronic structure of graphene (and
graphite) causes an exceptionally strong neutralization of the
backscattered helium ions. At the lowest primary energy (1.5
keV), where the interaction time between helium and carbon is
longest, the neutralization by graphene is so strong that the
signal of backscattered ions is virtually undetectable. Other
types of carbon do not show this effect. At the highest primary
energy (10 keV) both the neutralization by graphene and
nongraphene carbon are much smaller and the LEIS signals are
comparable. By combining LEIS analyses at several energies,
this matrix effect can be used to distinguish and quantify the
surface coverage by graphene carbon and by other types of
carbon.

The impact of the ions used for the analysis will lead to
sputtering and will thus produce carbon vacancies,”* which will
locally change the electronic structure of graphene.”> Thus,
notwithstanding the low sensitivity for carbon, it is still crucial
to use such a low ion fluence that the created damage is
negligible (static LEIS).

Herein we report the use of high-sensitivity (HS) LEIS with
parallel energy analysis and time-of-flight (ToF) filtering for
background reduction (Qtac 100). Typical for such a dedicated
HS-LEIS instrument is the very large solid angle for the
detection of the backscattered ions at a well-defined large
scattering angle (145°). As a result, the sensitivity limit has
been significantly improved (down to 10™° monolayers)
compared to the classical LEIS instrumentation. The instru-
ment can also cover the full energy range of LEIS, which is a
prerequisite for the present study. To demonstrate the
instrument’s efficiency, the presented spectra can be compared
to a spectrum (scattered ions detected together with
neutralized projectiles and sputtered particles) that results
from the analysis of a similar graphene sample by a
conventional time-of-flight LEIS spectrometer’® in the
Supporting Information.
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The extraordinarily strong neutralization of He" ions by
graphene can be explained in terms of the quasi-resonant
charge transfer of an electron from the very wide energy band
of graphene to the helium 1s vacancy (see section below).

2. EXPERIMENTAL SECTION

2.1. Materials. The following materials were used as reference
samples for the LEIS experiments: highly oriented pyrolytic graphite
(HOPG; Goodfellow GmbH, Germany) and silicone rubber [—Si—
0—(CHj),~],,

2.2. Graphene Sample Preparation. The graphene layer is
grown by a standard CVD procedure'® from methane on a copper foil
of high purity (99.99%, MTI Corporation). Subsequently, the
graphene is transferred onto a silicon substrate (Si(111) phosphorus
doped, covered by a 3-nm-thick native oxide layer) via the following
steps: the front side of the graphene is spin coated with 350 nm
poly(methylmethacrylate) (PMMA), and then the graphene on the
back side of the copper foil is etched away by oxygen/argon plasma.
After the copper foil is dissolved by wet etching in an iron(III) nitrate
solution (Fe(NO;);-9H,0), the graphene—PMMA sandwich is pulled
out of the solution and immersed several times in a freshwater bath
(deionized water, conductivity <0.5 uS/cm).

The graphene—PMMA sandwich is taken out of the final bath,
placed on a silicon substrate, and air dried. The PMMA layer is
removed by acetone and IPA. After that the sample surface is rinsed in
H,O and blown dry with nitrogen.

2.3. Experimental Equipment. LEIS measurements are carried
out using a Qtac 100 (ION-TOF GmbH, Miinster, Germany). In this
high-resolution, high-sensitivity low-energy ion scattering (LEIS)
instrument a normal incidence ion beam (E; = 1-8 keV) is used to
generate scattered ions. The double-toroidal analyzer with full
azimuthal acceptance uses parallel energy detection for maximum
sensitivity. At the same time the polar scattering angle (145°) and
angular resolution are chosen for high mass resolution.

Essential to low detection limits, especially light elements, is the
suppression of the background from sputtered ions such as hydrogen.
Using a pulsed primary beam and ToF filtering system, we can identify
and remove from the spectrum ions with different mass than that of
the primary ions.

The primary beam is focused to a much smaller spot size than the
typical field of view of 1.5 X 1.5 mm? and scanned over the selected
area. This ensures a homogeneous distribution of the ion fluence and
enables laterally resolved analysis (imaging). Typical fluence for a
single spectrum is 3 X 10" He" ions/cm?, thus for four different
primary energies the total fluence is 1.2 X 10" He* ions/cm® For the
light He* ions this has a negligible influence on the LEIS signals (static
analysis).

3. RESULTS AND DISCUSSION

3.1. Graphene Quality and Contamination. A complete
analysis of the graphene/silicon system requires a sequence of
well-defined sample preparation steps and data processing. The
reduction of the surface contamination by annealing is shown
in Figure 1. Here LEIS spectra are compared for 3 keV He"
ions backscattered by a monolayer of graphene on a silicon
substrate having a 3-nm-thick native oxide layer (section 2.2).
For the as-deposited sample the only visible surface scattering
peak is that of oxygen (~1100 eV). It results from the residual
PMMA resist and other organic contaminants, such as alcohols
on top of the graphene. The background below 1000 eV is due
to sputtered ions. This background is so intense that it is
difficult to identify the peak due to carbon (760 eV) under
these conditions. As suggested by Cheng et al,” most of this
contamination is removed by heating the sample for 5 min at
400 °C in ultrahigh vacuum. No oxygen peak is present
anymore, and the signal due to sputtered ions is strongly
reduced. The clear carbon peak is present at its expected
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Figure 1. He" spectra (3 keV) for graphene: (i) as deposited and (ii)
annealed at 400 °C for 5 min and measured without and with time-of-
flight filtering, which reduces the background signal of the sputtered
particles.

position. For a given scattered ion energy the time of flight is
determined by the mass of the ion. By using a pulsed ion beam
and combining the energy analysis with ToF filtering of the
ions arriving at the detector one can reject the sputtered
(secondary) ions and selectively study He* (mass 4 amu). For
the energy range of 500—1100 eV it is shown how this
improves the detection and quantification of carbon.

Due to annealing, the background between 1500 and 2500
eV also becomes more intense. Its high-energy onset is much
steeper than that one for the unheated sample, and no surface
peaks can be detected in this energy range. Since the only
surface peak is due to carbon, this proves the presence of a well-
defined and pinhole-free carbon layer on top of the substrate.

The background in the (1500—2500) eV region results from
He" ions that are backscattered by atoms below the outer
surface and have lost additional energy. It is very unlikely that
the ions have survived in their positive charge state; they rather
have been reionized before leaving the surface. Since the onset
is much higher in energy than expected for silicon and oxygen,
this background must be due to contamination by much heavier
elements. These heavier elements (along with sodium) are
intercalated at the graphene—silicon interface, thus just below
the graphene. They are easily revealed in the LEIS spectrum
after the removal of a significant fraction of the graphene
monolayer by low-fluence argon sputtering (500 eV Ar*, under
59°, ion fluence 3 X 10" ions/cm?) (Figure 2). Alternatively,
the graphene can be removed by oxidation with atomic oxygen.
The identities of the detected heavy elements (Fe and Sn) were
confirmed by 5 keV Ne* scattering. Neon gives a much better
mass resolution than helium for these elements.

For other samples having a graphene double layer, we
quantified the amounts of Fe and Sn after atomic oxygen
oxidation by calibration against oxidized Fe and Sn samples.
The surface coverages were found to be up to 15 and 30% for
Fe and Sn, respectively. These contaminants were also detected
by RBS (200 keV deuterons). Although the in-depth resolution
at higher ion energies of RBS is much worse (14 nm) than for
LEIS, the simulation of the tin and iron signals in RBS shows
that the signals result from a thin layer close to the graphene—
silicon oxide interface.

The observed elements and their coverages are, of course,
specific to the way that the samples have been prepared. It is
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Figure 2. LEIS before and after partial removal of the graphene layer
by Ar* sputtering (500 eV, ion fluence 3 X 10'* jons/cm?).

worrying, however, that we found that a total coverage of
intercalated heavy elements of 10—50% is not unusual for such
graphene samples. A batch of commercial graphene, studied for
comparison, showed a comparable quantity of metallic
impurities in subsurface layers, in addition to the presence of
chlorine in the top atomic layer prior to annealing. Also, there
was a significant Si signal from the commercial graphene after
annealing, which could be due to either holes in the graphene
or to siloxane contamination.

The presence of such large fractions of heavy elements will
have a significant and uncontrollable effect on the electronic
properties of the graphene layer.'” When other surface
analytical techniques such as XPS are used, the information
depth is much larger than one atomic layer. This dilutes the
observed concentration significantly. Since the LEIS instrument
applied in this study has a much higher sensitivity, it has been
used as the analytical tool of choice in the optimization of the
synthesis procedure.

3.2. Origin of Iron and Tin Contamination. The iron
contamination originates from the technology of the CVD
graphene preparation, when the supporting copper foil is
etched away by the oxidant—etchant solution (in our case an
aqueous solution of Fe(NO,)5), as has already been reported.'”

The graphene contamination by tin can originate from
numerous possible sources. Tin is readily soluble in copper, as
can be seen from the phase diagram.”’ It forms stable alloys
which have been well known for many centuries. Even though
the copper foil used to grow the graphene was of high purity, it
still contains traces of other elements or it can be easily
contaminated by tin during graphene preparation at elevated
temperatures. The presence of tin in the used copper foil is
clearly identified by SIMS depth profiling (Supporting
Information). The origin of tin contamination will be the
subject of further investigation.

During the selective etching of copper in an aqueous solution
of Fe(NOj);, the tin originally present in the whole copper foil
(25 pm thick) can be concentrated and deposited on the
bottom side of the graphene. Consequently, tin may form an
intercalated contamination at the graphene—silica interface,
where it was localized by LEIS.

3.3. Identification of Carbon Hybridization. The
presence of a pinhole-free carbon film at the top of the
analyzed sample does not automatically identify graphene as
the only possible allotrope of carbon in this film. For the
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identification (electronic structure—hybridization) and quanti-
fication of carbon in graphene and in organic contaminants the
energy dependence of the neutralization of the scattered He*
ions is used. A highly ordered pyrolytic graphite (HOPG, long-
range sp hybridization) and silicone rubber (sp* hybridization)
are used as the reference samples for graphitic and nongraphitic
(other) forms of carbon, respectively. In addition, a reference
polycrystalline copper sample is used to determine the
instrumental factor of the apparatus. Figure 3 shows the LEIS

4
——silicone rubber
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34 secondary

jons | 1.5keV He" scattering
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Figure 3. LEIS signal of the reference samples (graphite (HOPG) and
silicone rubber). ToF filtering reduces the background signal of the
sputtered particles.

spectra for 1.5 keV He" scattered from silicone rubber and
graphite. In the former case, the spectra were recorded without
and with ToF filtering to suppress the secondary ions.

The carbon peak of silicone rubber is much larger than that
of graphite. This is counterintuitive, since the surface density of
carbon is about 1 order of magnitude larger in graphite than in
silicone rubber. The origin of this paradox is an exceptionally
strong matrix effect in the neutralization of helium ions by
carbon. This was discovered in 1994 for carbon on
rhenium.”>** By changing the temperature (1800—2000 K)
of a carbon-doped rhenium sample the surface could be
changed (reversibly) from multilayer graphite via monolayer
graphite to carbidic (nongraphitic submonolayer) carbon. In
this way the effects of neutralization and the scattering cross
section could be studied independently, since the latter is the
same for all forms of carbon hybridization. A similar idea is used
in our work on graphene presented here. The graphene
neutralization is expected to follow the graphite trend while
carbon in organic (nongraphitic) contaminants should give
neutralization results similar to that of silicone rubber.

An additional advantage of the high-temperature treatment
of rhenium was that any damage caused by ion beam sputtering
was immediately annealed out. Thus, high ion fluences could be
applied. In the present experiments the use of the high-
sensitivity double toroidal energy analyzer allows us to use such
low ion fluences that graphene can be studied at room
temperature without detectable damage.

The ion yield per unit of primary charge, S, backscattered
from the surface atoms i is a measure of the atomic surface
concentration”’ (number density of surface atoms) ;

do,

dQ

+
Si=mn P'c

(1)
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where do;/dQ2 is the differential scattering cross section for
scattering by an element i and ¢ is the instrumental factor,
taking into account the solid angle of acceptance of the
analyzer, the detector efficiency, and the analyzer transmission.
For the analyzer used in the present study the instrumental
factor is independent of the energy of the ions. P;* is the ion
fraction of the He scattered by element i.

The scattering cross section, which is determined by the
screened nucleus of the carbon atom and not by its valence
electrons, has been calculated with the Thomas—Fermi—
Moliere potential.”® The ion fraction P," of the backscattered
helium particles is given by’

g =eXp( v ) (2)

where 1/v = 1/v; + 1/vyis the inverse velocity, v; and v, are the
ion velocities before and after the collision, and v, is the

characteristic velocity for a given jon—target atom (i)
combination. The characteristic velocity is a measure of the
neutralization strength.

The ion fraction, which is thus the crucial parameter for the
observed matrix effect, can be determined by plotting the
logarithm of S;/(c do,/dQ) against the inverse velocity. In
Figure 4 this is shown for (1.5—10 keV) He" scattering by

Ej(keV) 100 50 30 15
10" g . . . .
10"
= 10"
R
5
< 10"
o n Cu
e graphite (HOPG)
10"%4 A silicone rubber
® graphene
10" T T T T T
0 2 4 6 8 10 12

1 +11v, (10° s/m)

Figure 4. Plot of In(S;/(c d;/dQ2)) versus the inverse velocity for He"
scattering by Cu and by carbon in graphite (HOPG), silicon rubber,
and graphene. Drawn black lines are fits for Cu, graphite, and silicone
rubber. The corresponding primary energy range (1.5—10.0 keV) is
indicated for helium—carbon collisions on the top axis.

graphite, silicone rubber, and graphene and for 1-2.5 keV
scattering by Cu. For all of the samples this gives a straight line
similar to those in Figure S2 in Supporting Information. The
advantage of Figure 4 presented here is that the extrapolated
values for infinite velocities (1/v = 0) are the logarithms of ;.
Thus, the intercept of each line with the vertical axis indicates
the atomic surface concentration for each material. Using the
polycrystalline Cu sample (1.8 X 10 atoms/cm?) as a
reference,”””” the surface densities of carbon for graphite and
silicone rubber were determined to be 3.8 and 0.33 X 10'°
atoms/cm’, respectively. For the graphene sample the slope
and the y-axis intersection are nearly the same as those for
graphite. Thus, the ion neutralization and the atom density in
the outer surfaces for the reference graphite and graphene
samples are the same. All data are taken at such low fluence
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(static conditions) that the damage by the ion beam is
negligible (Supporting Information). For higher fluences or
impact with heavier ions, significant sputtering and damage will
occur. For graphite and graphene this will change the electronic
structure near the defects. Since there is now a mixture of two
types of carbon, there is no longer a straight line for plots such
as that shown in Figure 4. In particular, at very low energies the
LEIS signal becomes much stronger. For instance, when
bombarding the surface with S00 eV Ar* jons (at 59°) there is
already a detectable change in the plot for a fluence that is >1 X
10'* ions/cm?.

Ei(keV) 100 50 3.0 1.5

10° 5

. 1074
o L}
e graphite (HOPG)
A silicone rubber
10°] o graphene sample

- - - theory for W= 15 eV
—— theory for W= 20 eV
10-4'I'I'l'l‘l'l'l'l'l'l'|'
0o 1 2 3 4 5 6 7 8 9 10 11 12
1N+, (10° s/m)

Figure S. Plot of P* versus (1/v; + 1/ vf) for Cu, graphite (HOPG),
silicone rubber, and graphene. Drawn black lines are fits for Cu,
graphite, and silicone rubber. All lines meet at P* = 1, where the
interaction time offered for neutralization is infinitely small. The blue
lines are the theoretical predictions (eq 4) for bandwidths W of 1S and
20 eV. For an effective bandwidth of 17.1 €V the prediction coincides
with the experiments for graphite and graphene.

Figure $ is obtained from Figure 4 by correcting the data for
the atomic densities. The characteristic velocities v, for

scattering by carbon in graphene/graphite and in silicone
rubber are (7.4 + 0.1) X 10° and (3.6 + 0.2) X 10° m/s,
respectively. The theoretical predictions (see below) are also
given for scattering by a sample having valence bandwidths W
of 15 and of 20 eV.

In practice, the surface of graphene samples often consists of
a mixture of graphene and organic contaminants. For instance,
it is known that cleaning with acetone cannot completely
remove resist residues due to their strong van der Waals
interaction with graphene.”’ For such a mixture a plot such as
that in Figure 4 or 5 will not produce a straight line. Depending
on the actual surface fractions, the high-energy part (at low
values of 1/v; + l/vf) will be dominated by the graphene
fraction, while as a result of its low neutralization probability
the nongraphene carbon will prevail at low energies (at high
values of 1/v; + 1/vf), as can be seen in Figure S3 in the
Supporting Information. As shown in this figure, a surface
fraction of 3 atom % nongraphene carbon can still be detected
on a graphene surface. This defines the detection limit for
nongraphene carbon on top of graphene for the instrumenta-
tion used (1.1 X 10'* atoms/cm?).
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It is known”"*" that heating the graphene samples in an Ar/

H, flow at 400 °C results in the complete removal of the resist
contamination of a graphene surface. In the present study the
LEIS analysis shows that the organic contamination can also be
fully removed by heating in UHV at 400 °C for S min. The 400
°C heat treatment induces, however, an increased coupling
between the graphene and the underlying SiO, substrate which
leads to severe degradation of the charge mobilities in graphene
devices.”! Therefore, other treatments, such as a chemical one
based on chloroform, may be advantageous.”'

For some ion—sample combinations the neutralization of the
backscattered He" depends on the chemical state of the target
atom. Such matrix effects are known,*® for example, for surfaces
having a very low work function, for elements where quasi-
resonant neutralization is possible (He" scattering by Pb, Bj,
Ga, and In), and for several metallic surfaces such as NiAl
(110)*" and Cu.** In comparison to these cases, the observed
matrix effect for carbon is significantly larger as at 1.5 keV He"
scattering the ion fraction for graphene and graphite is a factor
of 50 lower than that for carbon in nongraphitic (carbidic or
organic) forms of carbon. Two possible origins of this unique
matrix effect are discussed below.

3.4. Resonant Charge Transfer. The most efficient
neutralization process is resonant charge transfer, as discovered
by Ziemba and Everhart in 1959.%° Since then it has been
known that this process is responsible for the very efficient
charge transfer in wide-angle scattering between a helium ion
projectile and a helium target atom. In this case the charge
transfer is fully symmetric (no energy is lost or gained during
the electron transfer). Therefore, classically speaking, the
electron will oscillate between the helium particles during
their interaction time T. Exact resonance is not required for this
process. Thus, when there is an energy mismatch (quasi-
resonance) AE between the He level and the level in the target,
the energy loss or gain is compensated for by a transfer of
kinetic energy of the nuclei to electronic energy (or vice versa).

The influence of the energy mismatch is independent of the
sign and thus the same for energy loss and gain. The smaller
|AEIl and the higher E,, the more likely is this process.’* Also, in
the close collision during the backscattering of keV ions, the
helium 1s level shifts significantly as a function of the ion—atom
distance.”® Experimentally it has been found that for E, as low
as 500 eV, charge transfer can still be significant for |AEl < 10
eV

For He" (1s level) scattering by Pb (Sd level) such an
accidental quasi-resonance exists. The 5d electron can transfer
to the 1s hole in He™. If the interaction time T is long enough,
then the electron can also transfer back to the 5d hole
depending on T and thus on the velocity of the He projectile,
and the scattered He is charged with varying probability.
Therefore, this resonance leads to strong oscillations in the
scattered ion yield as a function of the primary energy in the
energy range of 0.2—2 keV.””*® Whenever a (quasi-) resonant
neutralization is possible, it is so efficient that other processes
such as Auger neutralization can be neglected.””~*

Charge exchange between He' ions and graphite is a very
efficient and fast process.””*>*"*¥** Since the He 1s level is
resonant with the electronic states in the wide sp® band of
graphite (HOPG)," it is generally accepted that this efficient
neutralization results from resonant neutralization. Recent
calculations by the group of Goldberg"' give a detailed
quantum mechanical description in which a carbon atom and
its nearest neighbors are included. The results suggest that the
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resonant neutralization is not only with the ground state but
also involves important contributions from excited states of He.
For S keV He" scattering by 135° the calculated neutral fraction
is 0.93, which is in good agreement with their experimental
value of 0.95 as well as our value of 0.98 + 0.01. However,
within their primary energy range (1—6 keV) the theoretical
ion fraction is more or less independent of the primary energy.
Also, (weak) oscillations are clearly visible. This is in contrast to
our experimental results (Figure S) and the earlier results of
Van den Oetelaar et al.** and Mikhailov et al,,>® where the ion
fraction for graphite at 1.5 keV is about 60 times lower than at 6
keV. We believe that this discrepancy between theory and
experiment is due to a much stronger damping of the resonant
transfer than what is included in the theory of Iglesias-Garcia.*'

3.5. Resonant Charge Transfer with Damping. There
are two important factors that lead to damping of the
oscillatory charge transfer between a single state (He, 1s) and
the states of an energy band: destructive interference and the
short lifetime of a vacancy in the valence band.

The two-state approximation that holds for resonant charge
exchange between two degenerate states breaks down when
additional states are mixed in. This destroys the interference.
Lichten*®* gave a quantum mechanical estimate for the decay
time At of the damping of the (quasi-) resonant electron
oscillation between an ion and a filled band (full width W)
which may be used to determine the probability of the
projectile to survive in its charged state

w (3)

where the parameters are in atomic units. According to this
model the ion fraction after scattering is

pt =T/ 4)

The experimental density of valence states of graphite
(HOPG) and of graphene has a full width of approximately
20-25 eV."”® Theoretical predictions for graphene give a
somewhat smaller width of 20 eV.**

For the scattering of a He" ion by a carbon atom the
interaction time T can be estimated using its classical trajectory.
For 3 keV ions and a scattering angle of 145°, T ~ 7 X 107 s,
which gives for a bandwidth of 20 eV an ion fraction of P* = 1.4
X 107°. This is comparable to the experimental value (3.6 X
1073%) (Figure 5).

When the energy mismatch between the He Is level and a
level in the graphene band is large, the quasi-resonant electron
transfer will be slow. Thus, levels in the band that are far away
from the He 1s level cannot contribute to the destruction of the
interference. Quasi-resonant charge transfer has been ob-
served’® for IAEl < 10 eV. Therefore, it seems reasonable to
assume the same limit for destructive interference. Even after
taking into account the shift of the He 1s level by the
interaction with graphene and if one would use the theoretical
instead of the experimental bandwidth, He 1s will not be
located at the center of the band. The effective bandwidth will
thus be between 10 and 20 eV. In Figure 5 the predictions are
given for bandwidths of 15 and 20 eV. An exact agreement with
experiment would be reached for an effective bandwidth of 17.1
eV.

During the He*—HOPG interaction time an electron from a
level in the band can be transferred to the He*. The resulting
hole in the band then diffuses in the band with a diffusion time
that is almost equal to the reciprocal of the bandwidth,” thus
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the wider the band, the faster the hole diffuses away. When the
hole is transferred, it cannot return to the He" anymore (“it has
disappeared in the band” and is thus not available). Therefore,
for the (quasi-) resonant interaction of He* with the very wide
band of graphite or graphene, resonant charge transfer
represents an effective neutralization mechanism, and it works
only one way (Figure 6)—by strong damping of the oscillation.

vacuum level
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binding energy (eV)
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Figure 6. Experimental density of the valence states of graphite
(HOPG)* and the ground state of He. The He" ion is effectively
neutralized by an electron of the graphite band. Both destructive

interference and diffusion in the valence band contribute to the
neutralization.

Hence both the time for destructive interference and the
short lifetime of the hole in the valence band scale with the
reciprocal of the bandwidth. This dependence has also been
found by Kondo®” using quantum rate equations, although his
results were for primary energies below 1 keV. The exception-
ally strong neutralization of helium ions by graphite and
graphene is thus the result of the fact that the band of graphene
(and graphite) extends to such low energies that it is in (or
nearly in) energy resonance with the He 1s level (Figure 6).
Especially for the lower primary energies (longer interaction
times) this leads to very low ion fractions, making the detection
of this type of carbon very difficult at energies below 2 keV. For
carbon atoms in nongraphitic form (organic molecules or
carbidic carbon) there is not such an energy band and
resonance with the He 1s level. Therefore, the ion fraction is
much higher.

4. SUMMARY

CVD graphene transferred on thermal silica/silicon substrates
is analyzed by high-sensitivity LEIS with parallel energy analysis
and ToF filtering for background reduction. Thanks to the high
sensitivity and extraordinary depth resolution typical of LEIS
the closure of the graphene layer is confirmed. Different kinds
of contaminants are detected, quantified, and localized within
the graphene structure. First, the residual resist and other types
of organic adsorbates are reduced by thermal treatment under
UHV conditions. Then, carbon in graphene is distinguished
from that in nongraphitic forms by performing LEIS experi-
ments at different primary ion energies. Here, the extraordi-
narily strong neutralization of He" by the graphene carbon
atoms is utilized. Two models are discussed to explain the
difference in neutralization. Both are based on a quasi-resonant
charge transfer of an electron from the very wide energy band
of graphene to the helium Is vacancy. Also, for both, the ion

DOI: 10.1021/acs.langmuir.5b01935
Langmuir 2015, 31, 9628—9635


http://dx.doi.org/10.1021/acs.langmuir.5b01935

Downloaded by BRNO UNIV OF TECHNOLOGY on September 11, 2015 | http://pubs.acs.org

Publication Date (Web): August 9, 2015 | doi: 10.1021/acs.langmuir.5b01935

Langmuir

fraction of the scattered ions depends exponentially on the
width of the energy band.

Additional experiments confirmed that the samples have
compact, pinhole-free, graphene layers contaminated by metal
impurities such as Fe, Sn, and Na (total coverage of metal
impurities for up to 50% of a monolayer). These impurities are
introduced during the synthesis of the CVD graphene and the
transfer onto the substrates. These elements are localized at the
graphene—silica interface (i.e., they were intercalated just below
the graphene).

Hence, high-resolution low-energy ion scattering offers a
unique combination of surface sensitivity, depth resolution, and
quantification. It is capable of both checking the cleanliness of
graphene surfaces (e.g, the degree of contamination by the
remnants of resists) and detecting impurities incorporated into
graphene layers or their interfaces (intercalation). Thus, it is an
effective method for monitoring the quality of the whole
fabrication process of graphene, including its transfer onto
various substrates.
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