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/S Il‘plruzmg sputter-induced damage during deposition of WS, onto graphene

“redri ohansson, atri erg,? ansson, i-Li Zhang,” Andreas Lindblad,* and Tomas
PUblIShlng dkOLJh 1.2) Patrik Ahlb uif J 3 Shi-Li Zh 2 And Lindblad,! and Ti

\yberg? P
1)Department of Physics and Astronomy, Molecular and Condensed Matter Physics, Uppsala University, Box 516,

4
5 SE-75120 Uppsala, Sweden

6 2) Division of Solid-State Electronics, The Angstrom Laboratory, Uppsala University, Boz 534, SE-75121 Uppsala,
7 Sweden

8 3) Department of Chemistry, Inorganic Chemistry, Uppsala University, Boz 538, SE-75121 Uppsala,

9 Sweden
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We demonstrate sputter-deposition of WS, onto a single-layer graphe 1m~xng the latter disorder-free
The sputtering process normally causes defects to the graphene lattice and adversely affects its properties.
Sputtering of WS, yields significant amounts of energetic particle cally negative S ions and reflected
neutral Ar, and it is therefore used as a model system in this work.
by increasing the sputtering pressure of Ar thereby shifting
energies for the impinging particle flux at the substrate. Ram

scopy is used to assess the amount of
ering process show that W is completely

r'and S need comparably higher pressure
to thermalize so as to keep the graphene film intact. Apart frem becsning completely amorphous at 2.3 mTorr,
the graphene film remains essentially disorder-free W\‘E;the p re is increased to 60 mTorr. The approach

used here is generally applicable and readily extendable t6 sputter-deposition of other material combinations
onto sensitive substrates. Moreover, it can be usetywit ouiu.f anging the geometry of an existing sputtering
setup.

tim the target, Ar reflected from the target, and negative
or- ions created at the target.
n  To lower the kinetic energy of these particles, the Ar
€8, « pressure can be increased. The energetic particles from
In order to make functional devices, it is €ommonly re- . the target will interact with Ar and their kinetic ener-
quired to deposit materials onto graphene \wkt\a m- . gies will decrease as a result of frequent collisions. To
aging it;?> damage can also be used as cans, totailor s avoid exposure to graphene of these particles, several
chemical doping/functionalization.® This4g n: trivial 4 schemes have been proposed; having the substrate facing
19 problem since the atomically thin layer of hough one + away from the target allows only thermalized particles to
of the strongest materials knowa, m%ﬂ:y damaged by 4 reach the surface™®, and analogously the substrate can

un  Graphene, with its extraordinary electronic,
12 thermal, and mechanical properties,! has attracted

13 mous interest within the scientific and engine
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moderately energetic particles, be placed perpendicular to the target®. It has also been
2 There are several kinds of flefects\ghat can be induced s shown that limiting the flux of Au atoms by shielding
in graphene by energetic patticles. As described in detail s and increasing the sputtering pressure yields conditions
by Ahlberg et al.*, ther welldefined lower limit s compatible with device production.? In addition to the
»s below which ions do WO raphene. There is, s deterioration of graphene by energetic particles, chemical

2 however, a threshol ergy at which graphene go from s reactions may also damage the material.” 10
barely unaffected phous® This threshold is ele- s  In this paper, we investigate experimentally how sput-
2 ment specific and' it Isiexperimentally determined to be s ter damage in graphene can be minimized during sputter-
% 26 eV for Ar.4 he level of damage is depen- s deposition of WS, from a WS, target in pure Ar. The
3 7 of energetic particles, i.e. the s experimental results are further compared with simu-
reaches a critical thickness be- s lated kinetic energy and kinetic energy distributions of
the indpinging atoms/ions do not interact ¢ ions and neutral atoms arriving at the film obtained us-
s with the underlying' graphene film. e ing a Monte-Carlo based approach.!’!2 The amount of
alable an ommonly used industrial deposition & structural damage in graphene is determined by Raman
ique is Physical Vapor Deposition (PVD) by DC & spectroscopy, which is sensitive to defects in graphene.'?
spiittering. However, this process involves 4 It is demonstrated that increasing the sputtering pres-
xEBeS of energetic particles that may damage ¢ sure shifts the whole particle kinetic energy distribution
sheets.* ® They consist of atoms sputtered of  towards lower energies, with an increasingly large part
o7 being below the threshold of ejecting C atoms from the

e graphene lattice.

e The graphene films were grown by means of Chemi-
®)fredrik.johansson@physics.uu.se w0 cal Vapor Deposition (CVD) onto Cu foil, using a gas
") tomas.nyberg@angstrom.uu.se mixture of Ar:H,:CH,. The deposition was carried out

2

=

4

©°

2

[

2

i
o

G
@

2

N

@

= o
=g
Z 2
]
o
(.’_Dh’:i
e
@
=+
]
-+

3

<
S
g
A
=
E
o

3

34

e

35

@

36

37

o

38

7

oy


http://dx.doi.org/10.1063/1.4977709

This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record.
z s I p Raman spectra of graphene post-deposition (b) Raman ratios pre- and post-deposition
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Figure 1. (a) Representative Raman spectra at various pressures together, with a reference spectrum of the pre-deposition
material. (b) The 2D/G and D/G ratios for the sputter-deposited films, as well for the as-transferred graphene prior to
deposition. The circles indicate ratios for 10 mTorr disconnected fromy the other points in the series since the material is

7 in a diffusion furnace at 1000 °C and 1.4 Torr. The films 107 ferent fprocessing pressures are exhibited; at the bottom
73 were transferred, using a previously described residue fre graph a spectrum of the as-grown graphene trans-
7 transfer method onto a thermally oxidised Si wafer haw: 1094 onto an oxidized Si substrate is included as refer-
75 ing a 300 nm thick SiO,, layer.'* This approach is ghosen ence. For detailed interpretation of the Raman spectra
7 because it is the viable manufacturing technique in-“fireand the labelling of the peaks, D, G, D’ and 2D, see Fer-
dustrial scale production of graphene.!® 12 Tari et al.'®. The small peak at 2330 cm™ comes from

» Al WS, coatings were sputter-deposited by magnefron, 1 the N, gas present in the ambient air.!” The amount
sputtering in a high vacuum CS 600 von ‘ﬁisys_ us of induced damage in the graphene film is assessed by
e
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s tem. The base pressure for all depositions wa$i (-7 us analyzing the Raman spectra in the following way: the
o« mTorr range. A 100 mm WS, sputter ratio of the max intensity of the D peak to that of the

o Inc.) with purity of 99.9%, was used Wit%ed pC w G peak (D/G) is used as a measure of the amount of
ns damage to graphene. This ratio is inversely correlated to
the distance between two lattice defects, whereas the 2D
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s rate of 20 scem. The processing pressure was varied from ! X )
& 2.3 mTorr to 60 mTorr with the deposition time adjusted = to G ratio (2D4(1;3) lédlegntlﬁes the resemblance to mono-
% 50 as to achieve a 5 nm thigk WS, 1 each sample. layer graphene.®":**'® At the lowest pressures, i.e. 2.3

o The deposition rate vari otfeen m/min, at the and 10 mTorr, the spectra are significantly different from
) . . . . .
s lowest processing press an nrn/r’inn at the highest » the reference spectrum, indicative of amorphization.*
)

s pressure. The magnetfon was located on the top lid of * At 20 ngrr, .the spectrum shows clear D, D’ and 2D
o the deposition chamragith 2 8Q° angle towards the sub- peaks, indicative of heavily damaged, but not amor-
o strate table at the r:; of the chamber bottom. The ¢ Phized, graphene. With increasing pressure, the D and
o target to substrdte di
93
94 1al §)d'bstrate position, 7.e. on-axis in
9

ke
Q
=
a@
]
o
-+
DO
o
e
g
=
|
&
n
i
%
@
Q.
&
n
0
4]
=}
=
-
@
=
=
oQ
02

11

©

12

S

12

=

@

©

2

12z D’ peaks become fainter while the G and 2D peaks keep
s their intensity and also become narrower, which is an
s indication of low-defect density graphene.®16

10 Sputtering at pressure above 60 mTorr resulted in
1 spontaneous and randomly occurring discharges around
12 the substrate table. Therefore, 60 mTorr is our highest
133 processing pressure in this study. This upper limit of
14 the pressure is dependent on the chamber geometry and
process parameters used and can vary for other systems
16 than the presently studied.

w For the 2D/G and D/G ratios summarized in Figure
s 1(b), the maximum intensity of the peaks is used. More-
over, the peaks are fitted with Voigt profiles and a linear
background in MATLAB using the inbuilt least-squares
fit procedure. Each data point represents an average of
up to 100 spectra collected on the sample. Analyzing

nce was 16 cm. The graphene

&

&

ere characterized by means of x-
pectroscopy (XPS) using a Physical
um 2000 spectrometer with monochro-
radiation. XPS data indicate an under- |
etrlc WS, at low processing pressure, whilst

g stoichiometric WS, above 50 mTorr. Each
was characterized before and after the WS, de-
103 position’ using Raman spectroscopy (Renishaw ”inVia”
s Raman spectrometer) with 532 nm laser excitation at
105 20x magnification.
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s In Figure 1(a), the Raman spectra for graphene at dif- 1
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Figure 2. (a) Distribution of kinetic energy at different sputtering pressure fo L;@ed W neutral atoms, S negative ions,

the probability axis for energies above 10 eV in the energy distribution for S
Probability of atoms/ions having kinetic energies above Eq or 5 e

the eye.

a series of spectra this way, we also get an estimate
the variation of the sample as reflected in the error b
Most of the error bars are within the size of the m rkers
indicating that the homogeneity of the samples i
throughout the sample series.
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us  The horizontal line at the ratio 2.25 mark

we in Figure 1(b) indicates the 2D/G ratio rom as-
150 transferred graphene, the line at 0.1 1nd1c the 201~
151 responding D/G ratio. The D/G rati ost77
152 represents the results after sputter-depositio t varies
153 with processing pressure from a ratio of 2. 20 mTorr

to less than 0.5 above 50 mTorr.
”"Post” varies between 2 and 2.25 in thes20 to 60 mTorr
range. The graphene films Aeceivi WS, deposi-
tion at 2.3 and 10 mTorr zed, but as the
films were completely de ro

points are shown (as di 1ectedigitcles) in Figure 1(b).
o&g}] and D/G ratios reach
ne is only slightly damaged by

Above 50 mTorr, bo
a regime where the rap
distribution was obtained
onte;Carlo simulations, detailed
(1) the initial energy and
ttered W atoms and the reflected
sing SRIM?Y. Negative ions, in
given the target potential to define
itial energy with a direction along the target

/G ratio marked
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The partic
by means

positions intersect a chamber wall (or substrate), the
particle regarded adsorbed and the impact position is
saved together with the energy; (4) if no wall/substrate
adsorption occurs, a hard-sphere collision occurs with a
sputter gas atom (using theoretical atomic radii®!); and

17:

N

17!

a

17
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17
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he energy axis and the different scale on
s indicated by the solid line at 10 eV). (b)
sheddlines are extrapolations serving as guides for

,The

he energy and direction of the atom is updated.
Step are repeated for each atom until it is
5 al rbed Results from such simulations are illustrated
00dags in  Figure 2(a) where the kinetic energy distribution
182 1s shown for the different atoms/ions arriving at the
substrate.

178

All simulations assume a simplified environment with
a flat target and flat substrate. In real life, the target will
not have a flat radial distribution, a race- track like groove
is formed after some usage. This w111 affect the initial dis-
tribution of energy and direction of the atoms emanat-
ing from the surface. However, at higher pressures this
discrepancy will vanish due to large number collisions.
Furthermore, the mean free path of each atom/ion is cal-
culated assuming a complete thermalization. This ap-
proach will somewhat underestimate the mean free path
for high energy particles.!! The interaction between the
particles is described with a hard sphere potential, which
may also be considered a simplification compared to, e.g.,
the Lennard-Jones potential. But at the kinetic energies
considered here, this simplification does not affect the
scattering properties in the collisions significantly. De-
spite approximations and idealizations outlined above,
the same code has previously been used to successfully
describe compositional variations at different substrate
positions and pressures in the case of WS,_.!?
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As shown in Figure 2(a), the S ions are accelerated
with a target potential that varies from 390 V for lower
pressures to 350 V at higher processing pressures. By
increasing processing pressure, the average energy of all
particles decreases, i.e., the energy distribution shifts to
lower energies. The energy distribution for S and Ar
displays peaks above 100 eV whose intensity decreases
an with increasing pressure. At higher pressure, the peak
212 between 0.01 and 0.1 eV predominates for all cases with
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|

3|:7 and Ar. For the heavier element, this peak appears
-14.au lower pressure since the collision cross-section is larger
Pu t{l |§1|a1|&g giving rise to a comparatively larger number of

216 collisions on the way to the substrate.
a7 A high energy tail can be seen for both S and Ar, al-
218 though much more pronounced for Ar. These particles
are the ones with sufficient kinetic energy to damage the
graphene film. To ascertain if S or Ar is the main culprit,
one would need to determine the flux of the particles by
multiplying the number of particles per unit time of each
kind with their energy distribution. It is not straightfor-
ward to estimate an exact number of the different parti-
cles, but calculations using SRIM estimate that sputtered
S and W atoms and reflected Ar are present at the tar-
get with an approximate proportion of 4/2/1. With the
experimental conditions used, only a very small fraction
of the the sputtered S atoms are negatively ionized at
the target surface. These ions, are (much) fewer com-
pared to the number of reflected Ar atoms. This points
toward the reflected Ar as the main cause of the damage
to graphene for the considered system at higher pressure.
In Figure 2(b), the fraction of particles having a kinetic
energy above the displacement energy (E, in Equation 1)
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238
imum kinetic energy of a projectile required to re
C atom from a free standing graphene sheet. To ca

239

240

2 late Ey for a given atom, the expression for the num
22 energy transferred in an elastic collision is used: ~
T M)?
By = Lalme + M)7 \ (1)
dm .M

Nt

Here, Ty is the lowest energy required to displace a C
atom in graphene and it is calculat be 22.2 eV?22:23,
m. and M are the mass of a tgz‘%‘k the incoming
atom, respectively. Ey for Ar, W, "and S are calculated
to be 31.2, 96.4, and 28.04%V, réspectively. It has also
been demonstrated that{g(rap e mﬁ& become damaged
from particles having §ignificantly_lower energies than
E4.* Particles with e kinetic energy may cre-
ate the Stone-Wal t}%‘of defects that can deteriorate
graphene at highfdos herefore, we have chosen 5 eV

as the lower edergy /thre old for this defect formation
mechanism.

sputtels‘lg as pressure, whereas the lighter
7 energetic at higher pressure. It can also

258

264 high, the high D/G ratio indicates damaged graphene.
s When the sputtering pressure is increased and the prob-
%6 ability of particles with energies above F,; decreases, the
27 D/G ratio also decreases. At 50 mTorr, all W atoms

or above 5 eV, that hit the substrate are plotted. The tw@ .., ch
thresholds are chosen to identify energetic atoms/i n&u\{fi

that can create different types of defects. Ey is the HM g

s are thermalized, and thus are not contributing to dam-
aging the graphene. However, both S and Ar still have
a significant fraction of their kinetic energy distributions
populated at energies that can damage the graphene film.
At higher pressure there will be some, although at a low
probability, particles with energy of several eV. This re-
sult also points toward neutralized reflected Ar atoms as

being the particles that are most likely to cause damage
to graphene above 50(2,T0rr.

269
270
271
272
273
274
275
276

The deposited WS,Ailms are of (nominal) equal thick-
ness for all pressures,in order to attain doses of W and S
unaffected by the ssing“pressure. The same should
cted Ar, since it has a mass and size
owever, although the deposition
between the lowest and high-
graphene film is not damaged for

277

27,

@

279

280
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282

283

Th ‘putteﬁlg rocess may represent a rather difficult
27 process tQ predict in great detail. As shown here, sev-
288 ial kinds of particles can affect graphene during sputter-

0 ition. The energy distribution and amounts of the
'ffereg‘g_species depend on the materials system. We
se to study sputter-deposition of WS, because sig-
t amounts of negative ions and reflected Ar are

rated at rather high energies. Other materials can
ive dramatically different flux and energy distribution

. 205 of energetic particles. In general, our simulations show

s that an increase in the sputtering pressure will effectively
thermalize W and S, as can be seen in Figure 2, whereas
a non-negligible amount of reflected Ar retains energies
above 5 eV. Our experimental results, verified by exten-
sive simulations, show a clear trend of decreasing damage
at higher processing pressure.

In conclusion, we have shown that sputtering com-
pound films onto graphene with controlled damage is
possible by increasing the sputtering pressure and not re-
quiring special substrate geometry or holders. Although
WS, has been used in this work, the findings are ap-
plicable also to other transition metal dichalcogenides,
e.g. MoS,, MoSe,, etc. Furthermore, we demonstrate
that simulation can predict the suitable sputtering pres-
sure regime and that the sputtering gas is a key factor in
keeping the sputter damage to a minimum.
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The simulation results shown here are tailored for the
sputtering and materials system used. This allows us to
draw quantitative conclusions regarding the critical pres-
sure at which S, W, or Ar can be thermalized. Since bom-
bardment by energetic particles is material dependent, it
317 is concluded that simulation is of importance in order to
a8 gain insight on what processing pressure is required for
19 disorder-free sputtering onto graphene.
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2 the Swedish Research Council (Nos. 2014-5591 and
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