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2)Division of Solid-State Electronics, The Ångström Laboratory, Uppsala University, Box 534, SE-75121 Uppsala,6

Sweden7

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

Sweden9

(Dated: February 3, 2017)10

We demonstrate sputter-deposition of WS2 onto a single-layer graphene film leaving the latter disorder-free.
The sputtering process normally causes defects to the graphene lattice and adversely affects its properties.
Sputtering of WS2 yields significant amounts of energetic particles, specifically negative S ions and reflected
neutral Ar, and it is therefore used as a model system in this work. The disorder-free sputtering is achieved
by increasing the sputtering pressure of Ar thereby shifting the kinetic energy distribution towards lower
energies for the impinging particle flux at the substrate. Raman spectroscopy is used to assess the amount of
damage to the graphene film. Monte Carlo simulations of the sputtering process show that W is completely
thermalized already at relatively low sputtering pressure, whereas Ar and S need comparably higher pressure
to thermalize so as to keep the graphene film intact. Apart from becoming completely amorphous at 2.3 mTorr,
the graphene film remains essentially disorder-free when the pressure is increased to 60 mTorr. The approach
used here is generally applicable and readily extendable to sputter-deposition of other material combinations
onto sensitive substrates. Moreover, it can be used without changing the geometry of an existing sputtering
setup.

Graphene, with its extraordinary electronic, optical,11

thermal, and mechanical properties,1 has attracted enor-12

mous interest within the scientific and engineering com-13

munity both from fundamental and applied perspectives.14

In order to make functional devices, it is commonly re-15

quired to deposit materials onto graphene without dam-16

aging it;2 damage can also be used as a means to tailor17

chemical doping/functionalization.3 This is not a trivial18

problem since the atomically thin layer of C, though one19

of the strongest materials known, is easily damaged by20

moderately energetic particles.421

There are several kinds of defects that can be induced22

in graphene by energetic particles. As described in detail23

by Ahlberg et al.4, there is no well-defined lower limit24

below which ions do not damage graphene. There is,25

however, a threshold energy at which graphene go from26

barely unaffected to amorphous. This threshold is ele-27

ment specific and it is experimentally determined to be28

26 eV for Ar.4 Moreover, the level of damage is depen-29

dent on the total number of energetic particles, i.e. the30

dose, before the deposit reaches a critical thickness be-31

yond which the impinging atoms/ions do not interact32

with the underlying graphene film.33

A scalable and commonly used industrial deposition34

technique is Physical Vapor Deposition (PVD) by DC35

magnetron sputtering. However, this process involves36

several types of energetic particles that may damage37

graphene sheets.4–6 They consist of atoms sputtered of38
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the target, Ar reflected from the target, and negative39

ions created at the target.40

To lower the kinetic energy of these particles, the Ar41

pressure can be increased. The energetic particles from42

the target will interact with Ar and their kinetic ener-43

gies will decrease as a result of frequent collisions. To44

avoid exposure to graphene of these particles, several45

schemes have been proposed; having the substrate facing46

away from the target allows only thermalized particles to47

reach the surface7,8, and analogously the substrate can48

be placed perpendicular to the target5. It has also been49

shown that limiting the flux of Au atoms by shielding50

and increasing the sputtering pressure yields conditions51

compatible with device production.9 In addition to the52

deterioration of graphene by energetic particles, chemical53

reactions may also damage the material.7,1054

In this paper, we investigate experimentally how sput-55

ter damage in graphene can be minimized during sputter-56

deposition of WS2 from a WS2 target in pure Ar. The57

experimental results are further compared with simu-58

lated kinetic energy and kinetic energy distributions of59

ions and neutral atoms arriving at the film obtained us-60

ing a Monte-Carlo based approach.11,12 The amount of61

structural damage in graphene is determined by Raman62

spectroscopy, which is sensitive to defects in graphene.1363

It is demonstrated that increasing the sputtering pres-64

sure shifts the whole particle kinetic energy distribution65

towards lower energies, with an increasingly large part66

being below the threshold of ejecting C atoms from the67

graphene lattice.68

The graphene films were grown by means of Chemi-69

cal Vapor Deposition (CVD) onto Cu foil, using a gas70

mixture of Ar:H2:CH4. The deposition was carried out71
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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 as for the as-transferred graphene prior to
deposition. The circles indicate ratios for 10 mTorr disconnected from the other points in the series since the material is
completely amorphous, with a 2D/G ratio of ∼0.5 and a D/G ratio of ∼1.3.

in a diffusion furnace at 1000 ◦C and 1.4 Torr. The films72

were transferred, using a previously described residue free73

transfer method onto a thermally oxidised Si wafer hav-74

ing a 300 nm thick SiO2 layer.14 This approach is chosen75

because it is the viable manufacturing technique for in-76

dustrial scale production of graphene.1577

All WS2 coatings were sputter-deposited by magnetron78

sputtering in a high vacuum CS 600 von Ardenne sys-79

tem. The base pressure for all depositions was in the 10-780

mTorr range. A 100 mm WS2 sputter target (K. Lesker81

Inc.) with purity of 99.9%, was used with a pulsed DC82

power at 200 W. Ar was used as sputtering gas at a flow83

rate of 20 sccm. The processing pressure was varied from84

2.3 mTorr to 60 mTorr with the deposition time adjusted85

so as to achieve a 5 nm thick WS2 film on each sample.86

The deposition rate varied between 9 nm/min, at the87

lowest processing pressure, and 4 nm/min, at the highest88

pressure. The magnetron was located on the top lid of89

the deposition chamber with a 30◦ angle towards the sub-90

strate table at the center of the chamber bottom. The91

target to substrate distance was 16 cm. The graphene92

coated SiO2 / Si samples were located in front of the tar-93

get at the conventional substrate position, i.e. on-axis in94

front of the target.95

All WS2 films were characterized by means of x-96

ray photoelectron spectroscopy (XPS) using a Physical97

Systems Quantum 2000 spectrometer with monochro-98

matic AlKα radiation. XPS data indicate an under-99

stoichiometric WS2-x at low processing pressure, whilst100

approaching stoichiometric WS2 above 50 mTorr. Each101

sample was characterized before and after the WS2 de-102

position using Raman spectroscopy (Renishaw ”inVia”103

Raman spectrometer) with 532 nm laser excitation at104

20x magnification.105

In Figure 1(a), the Raman spectra for graphene at dif-106

ferent processing pressures are exhibited; at the bottom107

of the graph a spectrum of the as-grown graphene trans-108

ferred onto an oxidized Si substrate is included as refer-109

ence. For detailed interpretation of the Raman spectra110

and the labelling of the peaks, D, G, D’ and 2D, see Fer-111

rari et al.16. The small peak at 2330 cm-1 comes from112

the N2 gas present in the ambient air.17 The amount113

of induced damage in the graphene film is assessed by114

analyzing the Raman spectra in the following way: the115

ratio of the max intensity of the D peak to that of the116

G peak (D/G) is used as a measure of the amount of117

damage to graphene. This ratio is inversely correlated to118

the distance between two lattice defects, whereas the 2D119

to G ratio (2D/G) identifies the resemblance to mono-120

layer graphene.4,13,16,18 At the lowest pressures, i.e. 2.3121

and 10 mTorr, the spectra are significantly different from122

the reference spectrum, indicative of amorphization.4123

At 20 mTorr, the spectrum shows clear D, D’ and 2D124

peaks, indicative of heavily damaged, but not amor-125

phized, graphene. With increasing pressure, the D and126

D’ peaks become fainter while the G and 2D peaks keep127

their intensity and also become narrower, which is an128

indication of low-defect density graphene.4,16129

Sputtering at pressure above 60 mTorr resulted in130

spontaneous and randomly occurring discharges around131

the substrate table. Therefore, 60 mTorr is our highest132

processing pressure in this study. This upper limit of133

the pressure is dependent on the chamber geometry and134

process parameters used and can vary for other systems135

than the presently studied.136

For the 2D/G and D/G ratios summarized in Figure137

1(b), the maximum intensity of the peaks is used. More-138

over, the peaks are fitted with Voigt profiles and a linear139

background in Matlab using the inbuilt least-squares140

fit procedure. Each data point represents an average of141

up to 100 spectra collected on the sample. Analyzing142
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Figure 2. (a) Distribution of kinetic energy at different sputtering pressure for sputtered W neutral atoms, S negative ions,
and reflected Ar involved in the deposition process. Note the logarithmic scale on the energy axis and the different scale on
the probability axis for energies above 10 eV in the energy distribution for S (as indicated by the solid line at 10 eV). (b)
Probability of atoms/ions having kinetic energies above Ed or 5 eV. The dashed lines are extrapolations serving as guides for
the eye.

a series of spectra this way, we also get an estimate of143

the variation of the sample as reflected in the error bars.144

Most of the error bars are within the size of the markers,145

indicating that the homogeneity of the samples is good146

throughout the sample series.147

The horizontal line at the ratio 2.25 marked ”Pre”148

in Figure 1(b) indicates the 2D/G ratio from the as-149

transferred graphene, the line at 0.1 indicates the cor-150

responding D/G ratio. The D/G ratio marked ”Post”151

represents the results after sputter-deposition. It varies152

with processing pressure from a ratio of 2.5 at 20 mTorr153

to less than 0.5 above 50 mTorr. The 2D/G ratio marked154

”Post” varies between 2 and 2.25 in the 20 to 60 mTorr155

range. The graphene films receiving the WS2 deposi-156

tion at 2.3 and 10 mTorr were also analyzed, but as the157

films were completely destroyed only the 10 mTorr data158

points are shown (as disconnected circles) in Figure 1(b).159

Above 50 mTorr, both the 2D/G and D/G ratios reach160

a regime where the graphene is only slightly damaged by161

the sputtering process.162

The particle energy distribution was obtained163

by means of Monte-Carlo simulations, detailed164

elsewhere.11,12,19 In brief, (1) the initial energy and165

direction of the sputtered W atoms and the reflected166

Ar are calculated using SRIM20. Negative ions, in167

this instance S, are given the target potential to define168

their initial energy with a direction along the target169

surface’s normal towards the substrate; (2) each atom170

then propagates a distance randomly generated using its171

mean free path; (3) if the vector between the old and new172

positions intersect a chamber wall (or substrate), the173

particle regarded adsorbed and the impact position is174

saved together with the energy; (4) if no wall/substrate175

adsorption occurs, a hard-sphere collision occurs with a176

sputter gas atom (using theoretical atomic radii21); and177

(5) the energy and direction of the atom is updated.178

Steps (2)-(5) are repeated for each atom until it is179

adsorbed. Results from such simulations are illustrated180

in Figure 2(a) where the kinetic energy distribution181

is shown for the different atoms/ions arriving at the182

substrate.183

All simulations assume a simplified environment with184

a flat target and flat substrate. In real life, the target will185

not have a flat radial distribution, a race-track like groove186

is formed after some usage. This will affect the initial dis-187

tribution of energy and direction of the atoms emanat-188

ing from the surface. However, at higher pressures this189

discrepancy will vanish due to large number collisions.190

Furthermore, the mean free path of each atom/ion is cal-191

culated assuming a complete thermalization. This ap-192

proach will somewhat underestimate the mean free path193

for high energy particles.11 The interaction between the194

particles is described with a hard sphere potential, which195

may also be considered a simplification compared to, e.g.,196

the Lennard-Jones potential. But at the kinetic energies197

considered here, this simplification does not affect the198

scattering properties in the collisions significantly. De-199

spite approximations and idealizations outlined above,200

the same code has previously been used to successfully201

describe compositional variations at different substrate202

positions and pressures in the case of WS2-x.
12

203

As shown in Figure 2(a), the S ions are accelerated204

with a target potential that varies from 390 V for lower205

pressures to 350 V at higher processing pressures. By206

increasing processing pressure, the average energy of all207

particles decreases, i.e., the energy distribution shifts to208

lower energies. The energy distribution for S and Ar209

displays peaks above 100 eV whose intensity decreases210

with increasing pressure. At higher pressure, the peak211

between 0.01 and 0.1 eV predominates for all cases with212
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W, S and Ar. For the heavier element, this peak appears213

at lower pressure since the collision cross-section is larger214

thereby giving rise to a comparatively larger number of215

collisions on the way to the substrate.216

A high energy tail can be seen for both S and Ar, al-217

though much more pronounced for Ar. These particles218

are the ones with sufficient kinetic energy to damage the219

graphene film. To ascertain if S or Ar is the main culprit,220

one would need to determine the flux of the particles by221

multiplying the number of particles per unit time of each222

kind with their energy distribution. It is not straightfor-223

ward to estimate an exact number of the different parti-224

cles, but calculations using SRIM estimate that sputtered225

S and W atoms and reflected Ar are present at the tar-226

get with an approximate proportion of 4/2/1. With the227

experimental conditions used, only a very small fraction228

of the the sputtered S atoms are negatively ionized at229

the target surface. These ions, are (much) fewer com-230

pared to the number of reflected Ar atoms. This points231

toward the reflected Ar as the main cause of the damage232

to graphene for the considered system at higher pressure.233

In Figure 2(b), the fraction of particles having a kinetic234

energy above the displacement energy (Ed in Equation 1)235

or above 5 eV, that hit the substrate are plotted. The two236

thresholds are chosen to identify energetic atoms/ions237

that can create different types of defects. Ed is the min-238

imum kinetic energy of a projectile required to remove a239

C atom from a free standing graphene sheet. To calcu-240

late Ed for a given atom, the expression for the maximum241

energy transferred in an elastic collision is used:242

Ed =
Td(mc +M)2

4mcM
(1)

Here, Td is the lowest energy required to displace a C243

atom in graphene and it is calculated to be 22.2 eV22,23,244

mc and M are the mass of a C atom and the incoming245

atom, respectively. Ed for Ar, W, and S are calculated246

to be 31.2, 96.4, and 28.0 eV, respectively. It has also247

been demonstrated that graphene may become damaged248

from particles having significantly lower energies than249

Ed.
4 Particles with a few eV of kinetic energy may cre-250

ate the Stone-Wales type of defects that can deteriorate251

graphene at high doses. Therefore, we have chosen 5 eV252

as the lower energy threshold for this defect formation253

mechanism.254

The complete thermalization of W is achieved at rel-255

atively low sputtering gas pressure, whereas the lighter256

atoms/ions stay energetic at higher pressure. It can also257

be seen that the amount of Ar with energies above 5 eV258

has a lower decline rate than the amount of S with ener-259

gies above 5 eV.260

Comparing Figure 1(b) and 2(b), the same trend is ob-261

served for both the D/G ratio and the probability. When262

the probability of particles with an energy above Ed is263

high, the high D/G ratio indicates damaged graphene.264

When the sputtering pressure is increased and the prob-265

ability of particles with energies above Ed decreases, the266

D/G ratio also decreases. At 50 mTorr, all W atoms267

are thermalized, and thus are not contributing to dam-268

aging the graphene. However, both S and Ar still have269

a significant fraction of their kinetic energy distributions270

populated at energies that can damage the graphene film.271

At higher pressure there will be some, although at a low272

probability, particles with energy of several eV. This re-273

sult also points toward neutralized reflected Ar atoms as274

being the particles that are most likely to cause damage275

to graphene above 50 mTorr.276

The deposited WS2 films are of (nominal) equal thick-277

ness for all pressures, in order to attain doses of W and S278

unaffected by the processing pressure. The same should279

be true also for reflected Ar, since it has a mass and size280

similar to those of S. However, although the deposition281

time is more than doubled between the lowest and high-282

est pressure points, the graphene film is not damaged for283

60 mTorr – since the amount of high energy particles at284

the substrate is insignificant at the higher pressure.285

The sputtering process may represent a rather difficult286

process to predict in great detail. As shown here, sev-287

eral kinds of particles can affect graphene during sputter-288

deposition. The energy distribution and amounts of the289

different species depend on the materials system. We290

choose to study sputter-deposition of WS2 because sig-291

nificant amounts of negative ions and reflected Ar are292

generated at rather high energies. Other materials can293

give dramatically different flux and energy distribution294

of energetic particles. In general, our simulations show295

that an increase in the sputtering pressure will effectively296

thermalize W and S, as can be seen in Figure 2, whereas297

a non-negligible amount of reflected Ar retains energies298

above 5 eV. Our experimental results, verified by exten-299

sive simulations, show a clear trend of decreasing damage300

at higher processing pressure.301

In conclusion, we have shown that sputtering com-302

pound films onto graphene with controlled damage is303

possible by increasing the sputtering pressure and not re-304

quiring special substrate geometry or holders. Although305

WS2 has been used in this work, the findings are ap-306

plicable also to other transition metal dichalcogenides,307

e.g. MoS2, MoSe2, etc. Furthermore, we demonstrate308

that simulation can predict the suitable sputtering pres-309

sure regime and that the sputtering gas is a key factor in310

keeping the sputter damage to a minimum.311

The simulation results shown here are tailored for the312

sputtering and materials system used. This allows us to313

draw quantitative conclusions regarding the critical pres-314

sure at which S, W, or Ar can be thermalized. Since bom-315

bardment by energetic particles is material dependent, it316

is concluded that simulation is of importance in order to317

gain insight on what processing pressure is required for318

disorder-free sputtering onto graphene.319
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19E. Särhammar, Sputtering and Characterization of Complex381

Multi-element Coatings, Ph.D. thesis, Uppsala University (2014).382

20J. F. Ziegler and J. P. Biersack, “Treatise on Heavy-Ion Science:383

Volume 6: Astrophysics, Chemistry, and Condensed Matter,”384

(Springer US, Boston, MA, 1985) Chap. The Stopping and Range385

of Ions in Matter, pp. 93–129.386

21E. Clementi, D. L. Raimondi, and W. P. Reinhardt, J. Chem.387

Phys. 47, 1300 (1967).388

22O. Lehtinen, J. Kotakoski, A. V. Krasheninnikov, A. Tolvanen,389

K. Nordlund, and J. Keinonen, Phys. Rev. B 81, 153401 (2010).390

23A. Merrill, C. D. Cress, J. E. Rossi, N. D. Cox, and B. J. Landi,391

Phys. Rev. B 92, 075404 (2015).392

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


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


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

	Manuscript File
	1
	2

