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XPS investigations of graphene surface cleaning
using H,- and Cl,-based inductively
coupled plasma

D. Ferrah,>®* 0. Renault,® C. Petit-Etienne, H. Okuno,*d C. Berne,¢
V. Bouchiat®€ and G. Cunge®©

It is known that graphene surface contaminations by residues affect drastically its intrinsic properties and cannot be avoided
when chemical vapor deposited (CVD) graphene is transferred on other substrates. In this work, we investigate by X-ray photo-
electron spectroscopy and work function measurements using X-ray photoemission electron microscopy the capabilities of
high-density plasmas to clean graphene. The evolution of different chemical species at surface is monitored as a function of
plasma exposure. H, plasmas are shown to clean efficiently PMMA residues from CVD graphene on Cu. However, when the same
plasma is used on graphene transferred on SiO,/Si substrate a liftoff of the graphene layer is observed before the end of cleaning
procedure. These results are discussed in terms of H' penetration through graphene and H, formation between the SiO, substrate
and graphene. Using Cl-based chemistries, we found that the plasma is able to etch polymeric contamination at the graphene sur-
face. It is also found that the plasma induces spreading of the Si nanoparticle contamination that hampers the cleaning process.
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Introduction

Graphene offers many exciting new technology applications owing
to its unusual electronic properties.”"’ For large-scale manufacturing
of graphene in semiconductor device, large area and high-quality
graphene film transferred onto various substrates is required. At
the same time, it is also mandatory to develop efficient graphene
treatment to clean the inevitable contamination that occurs in the
manufacturing process (CVD growth, transfer and patterning), be-
cause this contamination degrades dramatically graphene
properties.? Typical contaminants include organic resist residues
originated from spin-coated polymer thin films,®' usually poly
(methylmethacrylate) (PMMA), used as a mechanical support to
transfer graphene or as a photolithographic mask. In addition, Si-
based nanoparticle impurity have been observed on CVD graphene
and probably originate from CVD oven.**! In recent years, effort to
improve the cleanness of graphene has been made. In fact, various
combinations of organic solvent rinses have been investigated® in
an attempt to remove polymeric residues, but graphene always re-
mains contaminated. Annealing under controlled atmosphere such
as Hy/Ar>7 and CO,®*? or a vacuum!™ has been explored and
shows PMMA residues to be significantly reduced, but it leaves spe-
cific 2D polymeric layers at the surface of graphene as evidenced by
transmission electron microscopy (TEM).®! Elsewhere, mechanical
cleaning of graphene based on the contact mode atomic micros-
copy removes residues and improves the electronic mobility with-
out damaging graphene as reported by Goossens et al.'" This
cleaning procedure displays a higher carrier mobility of transferred
graphene as reported in the literature but is not suitable for large
areas as required for industry application. Furthermore, no or few

interest has been payed to Si-based nanoparticles’ impurity
removal.'?

Reactive plasma processes for cleaning and doping are used
since years in the semiconductor industry, and they attract a grow-
ing interest to modify or clean graphene.>™'® A recent study on
the selective dry-etching mechanism of PMMA over single layer
of CVD graphene on Cu foil in Ho/N, plasma!'”! shows particularly
promising results. The etching process has been achieved in a
high-density plasma reactor that provides a low enough ion bom-
bardment energy to prevent graphene damage. In this study, the
mechanism of plasma/PMMA interaction was detailed and displays
two distinct stages of PMMA etching: an initial stage with a fast
etching rate corresponding to the removal of bulk PMMA® and a
much slower stage corresponding to the removal of the PMMA at
the interface. Indeed, a gradient in the PMMA layer density was ob-
served on the ten last nanometers above the surface. These corre-
spond to amorphous structures called PMMA* that are similar to
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PMMA but denser and easily etched by the plasma and self-
organized 2D structures called PMMA® at the graphene surface that
are heavily oxidized. The latter are shown to be removed by a lateral
(thus slow) etching mechanism by H atoms.

In this work, we have investigated the cleaning and limitation of
hydrogen plasma process on CVD graphene transferred on SiO, on
Si substrate. We also introduced chlorine plasma cleaning. This op-
timized new plasma does not appear to damage graphene that is in
good agreement with previously published results."® To monitor
chemical and local electronic surface modification after plasma
treatment, X-ray photoelectron spectroscopy (XPS) and work func-
tion measurements using X-ray photoemission electron micros-
copy (X-PEEM) have been made.

Experimental

Samples used in this study were obtained by transferring CVD
graphene grown on Cu foil (monolayer with low percentage of mul-
tilayer coverage) on both SiO, (300 nm) on Si and SiO, (4nm) on Si
substrates by standard procedure using polymer layer (PMMA) as
support. The thickness and the quality of the graphene were deter-
mined by Raman and SEM measurements. The 1x 1cm? samples
were stick on a 300-mm diameter alumina wafer using Kapton tape.

The samples were etched in a commercially available
AdvantEdgeTM inductively coupled plasma (ICP) etch tool from Ap-
plied Materials, described in details in ref!'! Usually, it is tricky to
prevent the presence of parasitic species in reactive plasmas. These
species originate from the erosion of the reactor walls, and the pres-
ence of O atoms must be precluded when etching graphene. We
find that a convenient solution to reach this goal was to operate
in a fully fluorinated chamber (obtained by running a SF¢/O, plasma
in the chamber/carrier substrate). The resulting AlFs layer is stable
and O free both in H, and Cl, plasmas.'*’

The plasma was operated at either 200 or 400 W radio frequency
(rf) power. To ensure minimizing damages caused by energetic ion
impacts, we operate the plasma at relatively high pressure, which
minimizes both the ion flux and their energy. At 60 mTorr under
our condition, the ion energy was measured to be in the 9-15eV
range. This caused the sample temperature to rise up to 120 °C. Op-
erating at high pressure also ensures a high flux of reactive radicals
to the wafer and thus a large etch rate.

XPS measurements over an area of few mm? were carried out at
a base pressure 10" '°mbar in a Multiprobe spectrometer
(ScientaOmicron) fitted with a Monochromatized Al K, source
(1486.6 eV) and a 128 channel, parallel detection Argus electron an-
alyzer. The overall energy resolution was 270 meV. The emission an-
gle is fixed to 20° with respect to the surface normal. Thus, the
probed depth is about 8nm for PMMA and graphene (A
~3nm).2"?2 The spectrometer chamber is connected to a prepara-
tion chamber in which samples could be annealed in ultrahigh vac-
uum (10~ '°mbar) in order to remove chemisorbed impurities. XPS
is a suitable technique to obtain insight into the chemical composi-
tion and the stoichiometry of the extreme surface after surface
plasma treatment.

The X-PEEM experiments were made in ultra-high vacuum cham-
ber using a NanoESCA spectromicroscope (ScientaOmicron), de-
scribed previously elsewhere” A double pass hemispherical
energy analyzer was used to compensate single analyzer aberra-
tions. The X-PEEM image series was acquired at the photoemission
threshold region. A 68 um field of view was used with 12kV extrac-
tion voltage and about 1.8 mm sample-objective lens distance. The

overall energy resolution of the analysis was 800 meV. A contrast
aperture of 1500 pm was used corresponding to lateral resolution
of about T um. After correction for the Schottky effect of 98 meV be-
cause of the high extractor field, the fit of photoemission threshold
spectra with error function can be used to directly measure the lo-
cal work function. Then, the series of images taken at an increasing
photoelectron kinetic energy enables us to determine work func-
tion map obtained from fit of spectrum for each pixel.

Results and discussion

Figure 1 displays C1s core level spectra from CVD graphene on Cu
foil and from the same CVD graphene but after transfer on a SiO,
(300 nm) on Si substrate. In each case, the thick PMMA layer spun
on graphene was removed by acetone, and then, the samples were
treated with the hydrogen plasma for 20 and 40s. The spectra were
fitted using standard procedures, i.e. Shirley background subtrac-
tion and resolution into Doniach-Sunjic function for sp?
graphene-related component and Voigt function for the other
components. The C1s spectrum from CVD graphene on Cu before
plasma treatment is reported in Fig. 1a. The solid curve that over-
laps the observed spectrum is the contribution of six components.
The main sp? component at 284.4 eV is attributed to a combination
of both graphene and sp? coordinated amorphous carbon. The sec-
ond sp® component at 285.0eV is mainly assigned to amorphous
carbon. The remaining four smaller Cls components (A) at
285.7eV, (B) at 286.4¢V, (C) at 287.1eV and (D) at 288.9eV were
assigned, respectively, to different chemical environments of car-
bon atoms in PMMA (C-H, C-C, H-C-0 and O-C=0). The evolution
of C1s spectrum after 20-s plasma exposure time shows a decrease
in the intensity of PMMA components, as displayed in Fig. 1b. Addi-
tionally, oxidized carbon contributions in PMMA residues become
important that appear as high binding energy components in C1s
spectrum, namely C-O at 287.0eV, C=0 at 287.7 eV and O-C=0 at
288.7 eV. This means that PMMA® residues are etched and heavily
oxidized PMMAC residues start to be exposed to H, plasma.l'”
Figure 1c shows that when plasma duration is increased to 40s,
there is no more PMMA residues remaining on graphene, but only
two small components (in addition to sp®) are identified: an sp°
component attributed to pre-existing defects in CVD graphene,
namely grain boundaries and/or structural vacancies or/and C-H
bonds in hydrogenated graphene, and a second component lo-
cated at 284.0 eV, which is attributed to graphene-Cu bonding at
the interface and/or to presence of single vacancies.*" This result
demonstrates that H, plasma has the capability to clean CVD
graphene on copper without irreversible damages (graphene hy-
drogenation is reversible by annealing). The PMMA etching mech-
anism has been described in detail in previous study.'"”!

However, Fig. 1d, e and f shows that very different results are ob-
tained when the same plasma treatment is applied to the same
graphene but after its transfer from Cu foil to SiO, on Si substrate.
Figure 1d and e shows that before and after plasma treatment for
205, there is only minor difference between CVD graphene on Cu
foil or on SiO, on Si substrate. However, after 40 s of plasma treat-
ment, as shown in Fig. 1f, there are no more graphene on the
SiO, surface as evidenced by the disappearance of the sp* compo-
nent. Other contributions from residues, namely sp*, COH, CO and
COO, are identified. This result is not in conflict with the CVD
graphene on Cu cleaning, because the interface interaction be-
tween graphene and SiO, on Si is weaker than graphene and Cu.
Indeed, dry-cleaning relies on H atoms that can react with PMMA
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Figure 1. XPS C1s core level spectra (dots) obtained before and after 20 and 40 s of hydrogen plasma exposure, respectively: (a), (b) and (c) CVD graphene on
Cu and (d), (e) and (f) CVD graphene transferred onto SiO, (300 nm) on Si samples. The solid curves show the contributions of graphene and PMMA in each

spectrum.

to produce volatile species, such as CH or OH or H,0. However, at
the same time, the surface is bombarded by protons (and Hj ions)
whose energy is high enough to penetrate through the graphene
lattice without damaging it.*! The H atoms trapped between the
substrate and graphene can recombine to form H, gas.”® As a re-
sult, during the cleaning process, a gas forms between the SiO,
and the graphene layer eventually leading to a liftoff of the layer
when the trapped gas pressure overcomes the binding forces be-
tween graphene and the substrate. This is produced instantly about
305 of plasma exposure time (refer Supplementary Material) that
contradicts the graphene etching hypothesis and confirms the lift-
off effect.

This phenomenon can be seen as an issue associated with the
use of H, plasma to clean graphene. However, it should be possible
to find plasma-operating conditions in which the ion flux and en-
ergy are small enough and the H atoms flux high enough to clean
the PMMA residues before the liftoff mechanism is observed. This
will be discussed in a forthcoming paper. Alternatively, one may
think about using another gas to etch PMMA and to choose a
plasma chemistry in which ions are too big to penetrate through
graphene. We investigated Cl, plasmas for this reason, and the re-
sults are presented in the next section.

Figure 2 illustrates the impact of Cl, plasma process on CVD
graphene transferred on SiO, (4 nm) on Si substrate. In order to re-
move the chemisorbed chlorine and its contributions in the C1s
spectra, XPS measurements were carried out after vacuum anneal-
ing at 350°C during 30min. In Fig. 2a, the Cls spectra are
decomposed into six components (sp?, sp>, A, B, C and D) as spec-
ified in the previous section. At lower binding energies, another
new component at 283.9eV is observed and attributed to C-Si
bonds in PMMA. By contrast, the Si2p peak is more complex. The is-
sue is that the observed silicon originates both from the SiO,/c-Si
substrate and from the SiO,-coated Si nanoparticles that contami-
nate the graphene surface.l"”! To investigate the different chemical

environments of Si, Si2p spectra were decomposed by taking into
account (Si2p;,, and Si2ps/,) spin-orbit splitting of 0.6eV and a
branching ratio of 0.5.1*”) Before plasma exposure, as shown in
Fig. 2a, they were deconvoluted into six doublet components
which main components (Si2ps,) are centered at 99.4eV (S;)
assigned to Si from substrate, at 100eV (S,) assigned to Si from
nanoparticles, at 100.3eV (Ss) assigned to Si,O (Si*), at 101.2eV
(S4) assigned SisO, (Si*?), at 102.2eV (Ss) assigned to SiO (Si*3)
and at 103.7eV (S¢) assigned to SiO, (Si**) from both substrate
and nanoparticles. The contribution of Si-C bonds is identified in
the S4 component.

Firstly, according to Cl, plasma treatment for 40, 90, 140 and
2205, Cls spectra show that the intensity of PMMA components
(A, B, C and D) decreases after 40-s exposure time indicating a re-
moval of PMMA from graphene. It shows, however, a decrease of
overall C1s core level intensity from 40s up to 160-s exposure
time. These observations are not associated to liftoff or/and etch-
ing of the graphene layer in Cl, plasma, because after 160-s
plasma exposure time, the Cls core level intensity hardly
changes. Secondly, the Si2p spectra show an intensity increase
and binding energy shift of S; and S¢ components associated
to reorganization of SiO,-coated Si nanoparticles at surface of
graphene. The full binding energy shift reported after 220-s expo-
sure time is 0.5eV.

Figure 2b shows the intensity ratio evolutions of Si2p (S;), Si2p
(S,), Si2p (S4), Si2p (Se) and C1s (Si-C) components to C1s (sp?) com-
ponent as function of plasma treatment duration. They mainly dis-
play two trends. With an exposure time up to 40 s, the intensity ratio
of Si2p (S4), Si2p (S,) and Si2p (Sg) to C1s (sz) is decreasing indicat-
ing an increase of sp*-related graphene component associated to
PMMA removal from graphene. At the same time, the C-Si contri-
bution in the Cls core level spectra increases rapidly and then
saturates, which is indicating that silicon atoms from nanoparticles
diffuse and react with the carbon from PMMA or graphene. This
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Figure 2. (a) XPS spectra of C1s and Si2p obtained on CVD graphene transferred onto SiO, (4 nm)/Si substrate before and after CI2 plasma exposure for 40,
90, 140 and 220 s. (b) Intensity ratio evolutions of components Si2p (S1), Si2p (S2), Si2p (S4), Si2p (S6) and C1s (Si-C) to C1s (sp2) component as function of

plasma treatment duration.

complex reaction is also visible in the Si2p (S;) component. After
60-s plasma exposure time, the intensity ratio of Si2p (S,) and
Si2p (Sg) to Cls (sz) increases dramatically and stabilizes from
160-s plasma exposure time. At the same time, the intensity ratio
of Si2p (Sy), Si2p (S4) and Cls (Si-C) to Cls (sp?) remains un-
changed. These observations are attributed to an increase of the
SiO,-coated Si nanoparticle signal. Because there is no source of
silicon at the surface other than the initial SiO,-coated Si nanopar-
ticle contamination, this observation suggests that the nanoparti-
cles can rearrange and spread on the surface during the plasma
treatment.

A similar phenomenon was reported in H, plasmas, as reported
in the TEM image (shown in Supplementary Material). The Si atoms
released from nanoparticles during the H, plasma treatment diffuse
at the graphene surface and react with the edges of the 2D PMMA®
residues where they chemisorb: Silicon is initially spread on the
surface but then coalesce again as the PMMAS residues are
eliminated.l”?

Figure 3 shows the work function map and the corresponding
histogram of the sample before (respectively, Fig. 3a and b) and
after (respectively, Fig. 3c and d) plasma exposure. The reference
exhibits three different work function values (4.4, 4.3 and 4.2eV)
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Figure 3. Work function map (42 x 42 pm) with the corresponding histogram, respectively, (a) and (b) before and (c) and (d) after Cl, plasma exposure for
20 s of CVD graphene transferred onto 4-nm-thick SiO, on Si substrate. Three different work function values attributed to surface chemical heterogeneities are
shown. (e) C1s and Si2p core level spectra of two specific regions indicated as 1 and 2 in (c), i.e. after Cl, plasma treatment for 20 s. The FWHM of the Si2p
component depends strongly on the probed region, being much higher in regions of low work function value. All of these analysis were performed by
using X-ray source (hv = 1486.8 eV). The typical depth probed by micro-XPS is less than 9 nm in the PMMA (graphene).
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attributed to surface chemical heterogeneities. These values do not
allow us to specify the nature of the surface chemistry. Figure 3c
shows that after a short plasma exposure, the surface is much more
homogenous with two main contributions of 44 eV and 3.5eV in-
cluding one consisting of islands with a very low work function
value. To better understand the nature of these islands, we carried
out a micro-XPS study of Si2p and C1s core levels, on the island and
outside, as shown in Fig. 3e. The obtained C1s core level spectra
showed no difference between the two areas. The fitted spectrum
to one component provide a peak located at 284.30 eV with a full
width at half maximum of 0.75eV, associated to the presence of
graphene. However, the Si2p signature corresponds to different
chemical environment from one region to the other because the
full width at half maximum of Si2p (Si) peak on and out of the
islands is of 630 and 530 meV, respectively. Hence, there is a signif-
icant broadening of the Si2p (Si) peak besides the increase of Si2p
(SiOy) intensity in the island region, which is indicating that those
regions contain Si-SiO, surface contamination, as reported in previ-
ous section. The C1s intensity ratio to the Si2p (Si) does not seem to
show a major change but decreases when we take into account the
broadening of the Si2p peak (Si: substrate and contamination).

From these results, we can deduce that the surface before treat-
ment shows two types of PMMA residues that correspond to the
work function value of 4.3 and 4.4 eV and SiO,-coated Si nanoparti-
cles that correspond to the work function value of 4.2eV. After
plasma treatment, the surface becomes homogeneous with mainly
one type of PMMA residues corresponding to the work function
value of 4.4 eV (surface area corresponding to 4.3 work function
value becomes low). These results show that Cl, plasma is promis-
ing to clean graphene because they have the capability to etch car-
bonaceous contaminant. Therefore, in good agreement with the
previous discussion, these observations suggest that the Si-SiO,
surface contamination that is initially present in the form of nano-
particles (regions with work function =4.2 eV) is decomposed un-
der the influence of the plasma and then diffuses on the surface
where they spread and reorganize (coalesce) to form larger Si-
SiO, islands. This organization explains both a change of the work
function value and an increase in area ratio.

Conclusion

A detailed photoemission study using both laterally averaged and
microscopic measurements allowed us to benchmark Cl, and H,
plasma for graphene cleaning purposes. H, plasma is efficient to
clean PMMA residues but suffers from two drawbacks. Firstly, they
do not etch SiO,-coated Si nanoparticle contaminants, and sec-
ondly, we have evidence that on graphene reported on SiO,, a lift-
off of the graphene layer can take place following the penetration
of protons through graphene and their recombination that form a
H, gas between SiO, and graphene. By contrast, Cl, plasma is
shown to etch slowly PMMA residues without the issue of liftoff
(CI* ions are too big to pass through the graphene hexagons). How-
ever, it induces the decomposition and rearrangement of the SiO,-
coated Si nanoparticle contamination that covers the graphene sur-
face and prevents its cleaning. Additional experiments are needed
to confirm this conclusion and demonstrate the efficiency of Cl,
plasma to clean.
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