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In this work, a silicon stencil mask with a periodic pattern is used for hydrogen plasma

microlithography of single layer graphene supported on a Si/SiO2 substrate. Obtained patterns are

imaged with Raman microscopy and Kelvin probe force microscopy, thanks to the changes in the

vibrational modes and the contact potential difference (CPD) of graphene after treatment. A decrease

of 60 meV in CPD as well as a significant change of the D/G ratio in the Raman spectra can be

associated with a local hydrogenation of graphene, while the topography remains invariant to the

plasma exposure. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793197]

In the last decades, the interaction of hydrogen with gra-

phitic surfaces has been investigated various times. The ear-

lier research was focused on the physisorption of hydrogen

molecules on such surfaces.1–3 This was followed by studies

which were concentrated on the chemisorption of atomic

hydrogen.4–9 A more recent research focus involves plasma

treatment of such surfaces with plasmas containing hydro-

gen.10,11 For instance, Elias et al. had evidences of graphane

growth (full hydrogenation of graphene from both sides) af-

ter exposure of free-standing graphene to a plasma contain-

ing 10% of hydrogen.10 Previously, we have characterized

hydrogen plasma treated graphite using various methods.12

In this work, we used a silicon stencil mask with a peri-

odic hole structure in order to pattern altered and pristine

graphene, which was grown by chemical vapor deposition

(CVD) and transferred onto a Si/SiO2 (p-doped Si, SiO2

thickness is 86 nm) wafer. Raman microscopy and Kelvin

probe force microscopy (KPFM) were used to image these

patterns, indicating the changes in the vibrational modes and

the contact potential difference (CPD) after hydrogen plasma

treatment.

Single layer graphene was grown on a copper foil in a

split quartz tube furnace using a CVD method involving

methane and hydrogen gases.13 Transfer of the graphene

layer onto the Si/SiO2 substrate was achieved by the standard

procedure involving PMMA coating, dissolving the copper

foil in an iron nitrate solution, “fishing” the polymer with the

substrate, and the removal of PMMA in acetone.13 The

obtained graphene layers (with a size of more than 1 cm2)

showed a very weak response to pH changes, manifesting

their quality thanks to the scarcity of defect-induced dan-

gling bonds.14 The hydrogen plasma treatment was per-

formed in a specially designed radio frequency (RF) plasma

exposure facility.15 The hydrogen gas pressure was fixed to

3 Pa, where the background pressure was 5� 10�6 Pa.

Plasma was created �75 cm away from the sample in a

Pyrex tube through a matching network by a 13.56 MHz RF

generator at a typical power of 49 W. This RF power was

coupled to the tube by an outer electrode (surfatron).16 The

used hydrogen plasma had an electron temperature of

3.5 6 0.5 eV and an ion flux of 1.5 6 0.5� 1015 cm�2s�1.

The sample was kept electrically floating during 5 min of ex-

posure. With this technique, proton deposition energies can

be obtained which are high enough to overcome the energy

barrier (3.7 eV) to penetrate the center of the hexagonal car-

bon,17 without physically sputtering (36 eV) the carbon

atoms.18 More detailed information about the plasma can be

found in Ref. 12.

Raman microscopy measurements were performed using

a WITec alpha 300 confocal Raman microscope. The wave-

length of the excitation laser was 532 nm and the power of

the laser was kept at 2.1 mW without noticeable sample

heating or damaging. The laser spot size was 360 nm at

100� magnification. The spectral resolution was 3 cm�1.

The Raman spectrum of graphene consists of the D and G

peaks,19–22 around 1345 cm�1 and 1590 cm�1, respectively,

which arise from vibrations of sp2-hybridized carbon atoms

(Figure 1(a)—black line). The cross-section for the C-C sp3

vibrations, when available, is negligible for visible excita-

tion. The G peak represents the optical E2g phonons at the

center of the Brillouin zone. The D peak is caused by

breathing-like modes corresponding to transverse optical

phonons near the K point of the Brillouin zone. It is an inter-

valley double-resonance Raman processes which is initiated

only by a deviation from the defectless two dimensional

character.19,20,22 Its overtone, the 2D peak which appears

around 2685 cm�1, is a second order process involving two

inelastic scatterings and is always present.

Upon hydrogen plasma exposure, a sharp D’ peak

around 1625 cm�1 appears as a result of intervalley double-

resonance process due to deviation from the defectless two

dimensional character as well as an increase in the D peak

intensity (Figure 1(a)—red line). A negative shift can be

observed at the 2D peak position after plasma treatment.

This shift suggests an increase in the electron concentration

(i.e., an upper shift of the Fermi level),23 suggesting electron

donation from chemically bound hydrogen atoms. On the

contrary to this point, the G peak preserves its position at

1590 cm�1. The sharpness of the peaks signifies that amorph-

ization is negligible.20a)Electronic mail: baran.eren@unibas.ch.
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Due to the above mentioned differences of the Raman

spectrum before and after exposure, monitoring the intensity

ratio of D peak to G peak is an adequate solution for imaging

the exposure patterns. A 20� 20 lm2 image was obtained by

scanning the x-y stage with steps of 250 nm. An integration

time of 1 s was used for each pixel. The Raman microscopy

image showing the intensity ratio I(D)/I(G) (Figure 1(c)) of the

hydrogen plasma exposed single layer graphene reveals the

general shape of the patterns of the stencil mask (Figure 1(b)).

A clear increase of this ratio of up to 4 was observed at the

plasma treated areas, proving that the hydrogen plasma

microlithography of graphene can be applied. This ratio was

also obtained in various works involving hydrogen plasma

and was correlated with hydrogenation of graphene.10,24,25

To address the question of the origin and the properties

of the treated areas, KPFM was applied which provides a

combined information on the topography and the surface

potential. A strong topographic corrugation related to plasma

induced defects might be the origin of the increase in the D

peak intensity. However, for a local hydrogenation of gra-

phene, a change of the work function in such areas is

expected and can be measured by variations of CPD.26

Figure 2 shows topography and CPD images of the

untreated graphene layer transferred onto Si/SiO2 substrate

measured by KPFM using a Nanosurf FlexAFM operated in

ambient conditions in a controlled dry nitrogen atmosphere

in a glove box. The scan range of the measurement was

10� 10 lm2. A commercially available Nanosensors PPP-

EFM silicon cantilever with a platinum/iridium (Pt/Ir)

coating was used. The fundamental cantilever resonance

frequency (f1st � 62 kHz) was excited to obtain topographical

information, whereas the second flexural cantilever reso-

nance (f2nd� 400 kHz) was used for the CPD detection in

the intermittent contact regime.27,28 While the AC voltage

exciting the electrostatic force modulation was applied to the

sample, the DC voltage was applied to the tip. The CPD data

are represented in such a way that the bright areas corre-

spond to areas with a larger work function values.

The measurements can be used for the estimation of the

absolute work function. Under the assumption that the AFM

tip remained unchanged before acquisition of Figure 2, Pt/Ir

coated tips used in this work have a work function of

4.28 eV,29 revealing a work function of around 4.75 eV for

the as prepared single layer graphene on Si/SiO2. Of course,

this value may not be accurate and it can vary 100 s of meV

depending on the conditions of the tip; however, the preci-

sion of the CPD variation is in the order of 10 meV. The

work function of graphene supported on a Si/SiO2 substrate,

in the simplest picture, is the sum of the work function of

free-standing graphene (4.23 eV (Refs. 30 and 31)) and the

energy gain due to the surface charge density. This surface

charge density is induced by electrostatic charging and

charge rearrangements in the proximity of SiO2, including

the effects from the interface contaminants. This, in a way,

can be interpreted as p-type doping of graphene,32 as it is

donating electrons into SiO2 and/or to the contaminants at

the interface. This process results in a downward shift of the

Fermi level, hence an increase in the work function of gra-

phene.30 Using the equation given in Ref. 30, it can be very

roughly estimated that graphene is doped with 2� 1013

holes/cm2 for a Fermi velocity of 106 m/s. A recent KPFM

measurement of the work function of graphene on 300 nm

SiO2 was reported to be 4.57 eV.33 However, a recent study

predicts rather an n-type behavior of graphene supported on

Si/SiO2, after removal of adsorbed gases in ultra-high vac-

uum (UHV).31 In this respect, it can be anticipated that the

FIG. 1. (a) Typical Raman spectra of covered

(black) and plasma treated (red) parts of

graphene supported on Si/SiO2. (b) Optical

microscope image of the silicon stencil

mask used for plasma microlithography.

(c) 20� 20 lm2 (80� 80 pixels) Raman micros-

copy of patterned graphene, showing a clear

increase of the D peak to G peak intensity ratio

at the plasma treated areas.

071602-2 Eren et al. Appl. Phys. Lett. 102, 071602 (2013)
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hole doping originates from the surface/interface contami-

nants, e.g., water.

The pristine graphene films show some microscopic rip-

ples and round-like protrusions with heights of up to 50 nm

(Figure 2(a)). The ripples are due to the stress in the gra-

phene film, generated during cool-down after CVD growth

as well as imperfections during transfer onto the Si/SiO2 sub-

strate. Two of the ripples can also be observed in the same

image with lower CPD values (Figure 2(b)). The ripples do

not have contact with SiO2, which results in a weaker elec-

trostatic charging of graphene and therefore, they are

observed as zones with a lower work function. Alternatively,

these two ripples might also be grain boundaries of graphene,

which are, in fact, bilayer graphene because of the overlap of

two graphene layers. Similarly, in the Raman map presented

in Figure 1(c), some ripple-like features are also present due

to the increase in the D peak intensity. The round-like protru-

sions are left overs of the PMMA polymer during the transfer

onto SiO2, resulting in a reduced CPD of up to 80 meV.

Figure 3 shows the topography and CPD images of

masked graphene after plasma exposure. The topography

image shows no structural effects created by the plasma

exposure, whereas the CPD image clearly reflects the

patterns of the stencil mask used. This result shows the

strength of KPFM by resolving local work function

variations, which appear solely due to chemical modifica-

tions of the surface, without any topographical contribution.

The exposed areas exhibit patterns with reduced CPD of

60 6 20 meV (Figures 3(b)–3(d)), indicating a lower work

function for the hydrogen plasma treated areas. A small

averaging effect might even further increase the variation

of CPD by several 10 s of meV.34

Finally, in order to address the effects of the surface and

interface contaminants, the KPFM measurements were

repeated in UHV conditions using a home-built AFM oper-

ated in constant height mode and a Nanonis control unit.

Though the absolute work function of graphene on SiO2

decreased gradually during storage in UHV, the relative

FIG. 3. 10� 10 lm2 (a) topography and (b) CPD

images of CVD grown graphene patterned with

hydrogen plasma microlithography. Darker CPD

contrasts are the plasma exposed areas. (c) CPD

profile of the A-A0 line in (b). The histogram of

(b) is shown in (d), in which the three Gaussian

peaks correspond to 3 different contrasts of the

CPD image. The difference between peaks (i)

and (iii) which correspond to the dark and bright

areas is 60 6 20 meV. Peak (ii) is due to the aver-

aging effects and corresponds to the areas in

between dark and bright areas.

FIG. 2. 10� 10 lm2 (a) topography and (b) CPD

images of the pristine graphene layer supported on a

Si/SiO2 substrate, measured in a dry nitrogen

atmosphere.

071602-3 Eren et al. Appl. Phys. Lett. 102, 071602 (2013)
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CPD contrast between the hydrogen plasma treated and

untreated areas remained unchanged. Furthermore, in order

to degas/desorb the contaminants out from the interface

more efficiently, the sample was annealed at 130 �C for 1 h.

Figure 4(a) shows the KPFM image, where the absolute

work function graphene on SiO2 can be estimated as

�3.9 eV, with a reduction of �60 meV for the hydrogen

plasma treated zones. This result confirms the predictions

that single layer graphene should have a net electron transfer

from SiO2 in the absence of any interface impurities.31,35

Figure 4(b) shows a model of a potential diagram of

graphene on clean SiO2. In this picture, the work function of

graphene supported on a Si/SiO2 substrate is the sum of work

function of a free standing graphene (Wgr) and the change

in the surface potential (�rgr) in the proximity of SiO2:

Ev�Ef(i)¼ 3.9 eV¼Wgr�rgr. Figure 4(c) represents the

potential diagram where the effects of hydrogen plasma treat-

ment of graphene are addressed. As free-standing graphene

starts to be decorated with hydrogen atoms from both sides,

there is an upward shift of its Fermi level,26 which is repre-

sented as DWgr in our model. This can be understood in terms

of electronegativity, where less electronegative hydrogen

atoms behave like electron donors. In addition to this, hydro-

genated graphene would also experience different electrostatic

charging from the SiO2 support, represented as Drgr. With

respect to the last point, variation in the measured CPD

reflects the change of the work function of graphene with a

modulation related to the difference in electrostatic charging:

DCPD¼ 60 6 20 meV � Ef(i)�Ef(f)¼DWgr 6 Drgr.

In summary, we have employed hydrogen plasma

microlithography on single layer graphene. The obtained

results can pave the way to nanolithography of graphene pre-

pared by hard mask techniques. We have utilized Raman and

Kelvin probe force microscopy techniques for imaging the li-

thography pattern of graphene. Moreover, we have measured

an absolute work function of around 3.9 eV for single layer

graphene supported on a Si/SiO2 substrate, whereas this

value is 4.75 eV for as prepared single layer graphene on Si/

SiO2 due to hole doping from the surface interface contami-

nants. Finally, we have shown that the hydrogen plasma

treatment of graphene on SiO2 results in a work function

reduction around 60 6 20 meV and is explained by hydro-

genation of the graphene layer. This may be an important

step forward for the comprehension of the properties of

hydrogenated graphene.
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