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Abstract Site-specific masking with graphene films has

the potential to facilitate low-cost, high-throughput micro-

patterns on silicon substrates over large areas. Here, a facile

approach to using graphene as a masking agent on silicon

wafers for site-specific patterning is demonstrated. Graphene

sheets were deposited via a sealing-tape-exfoliation method

onto hydride-terminated (Si–H) silicon substrates. Raman

confocal mapping showed inhibition of oxidation of the Si

wafer underlying the graphene, indicating that the graphene

restricts the diffusion of oxygen onto the Si surface. The

graphene coated Si substrates were then electrochemically

etched in an aqueous HF/ethanol (3:1 (v/v)) anodization

solution. Scanning electron microscopy showed that the

graphene layer successfully restricted the etching of the Si

surface, however, near the edge sites of the graphene deep

etching occurred.

Introduction

The study and implementation of graphene has accelerated

over recent years due to its exceptional electrical,

mechanical, and chemical properties [1, 2]. In particular,

graphene’s recent ability to block the transportation of

small molecules including helium [3], hydrogen [4], and

H2O [5] has been reported. Based on this phenomena,

graphene can be potentially used as a superior mask to

avoid etching, or corrosion, that yields a market of *$276

billion USD annually [6].

Compared to the traditional photo-resist masks (e.g.,

SU8), graphene is thin (\nm scale of monolayer), and

transparent to light, electrons, and electrostatic interactions

[1, 2]. Due to graphene’s liquid-like properties, the inter-

action between graphene and a flat substrate, for example

Si, is strong enough for graphene to be hermetically sealed

onto it without an external sealing agent [1, 11]. Therefore,

graphene makes an ideal low-cost masking agent. Several

researchers have investigated graphene as a masking agent

for gases [3, 4, 7] and corrosion [6, 8].

Monolayer graphene has been grown on polycrystalline

Ru thin films on patterned fused silica [7]. It was demon-

strated that the single atomic layer graphene protected the

underlying metal surface against reaction with ambient

gases of particular importance for applications such as

concave focusing mirrors, non-planar microelectrode

arrays etc., [7]. Rangarajan et al. [8] have lithographically

patterned graphene layer on a Si (100) surface showing that

the underlying Si was shielded while exposed to isotropic

etching by xenon difluoride.

In order to investigate graphene as a mask for corrosion,

Krishnamurthy et al. [9] have shown the first demonstration

of graphene (deposited via template-directed chemical

vapor deposition (CVD)) as a passive layer that retards

microbially induced galvanic corrosion (MIC) of nickel

foam anodes for extended periods of time (*2700 h).

Electrochemical impedance spectroscopy characterization

revealed that the MIC of Ni was impeded by over 40-fold

when coated with graphene [9].

Heish et al. [6] have coated copper with CVD graphene

in order to inhibit copper corrosion. Extremely fast mass
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transport on the order of meters per second both across and

parallel to graphene layers resulted in low corrosion inhi-

bition of 50 % for Cu covered with up to three graphene

layers. They combined electrochemical and morphological

characterization techniques to show that nanometer-sized

structural defects in the CVD grown graphene were the

cause for the limited passivation effect [6]. By then

selectively pacifying the defects using atomic layer depo-

sition (ALD), an enhanced corrosion protection of more

than 99 % was achieved. While effective this type of

masking has limited use in an industrial context [6].

Here, a simple approach is taken to produce a graphene

mask on Si surfaces using defect free graphene prepared by

sealing-tape-exfoliation of graphite [1, 10]. Once the graph-

ene was deposited onto the Si, resistance to oxidation of the

underlying substrate was investigated using Raman confocal

mapping. The substrates were then subjected to electro-

chemical etching in an aqueous HF/ethanol (3:1 (v/v))

solution and the resulting anodization observed using scan-

ning electron microscopy (SEM).

Experimental methods

All chemicals were purchased from Sigma-Aldrich (Aus-

tralia) and used as supplied. A Si wafer (n-type, (100),

0.008–0.02 X cm) was cut into pieces (*1.5 cm2) and

cleaned with fresh Piranha solution (70:30 (v/v) H2SO4:-

H2O2) (Be careful: this solution will react vigorously with

organic materials!) for approximately 2 h. The Si pieces

were then washed with copious amounts of Milli-Q

(18.2 MX cm) water and dried under a stream of nitrogen

gas. Finally, immediately prior to graphene deposition, the

Si pieces were immersed into a HF/ethanol solution (3:1 (v/

v)) for 5 min to remove the native silicon oxide layer. The Si

pieces were then dried under nitrogen and the graphene was

then deposited onto the surface via the previously reported

sealing-tape-exfoliation method [1, 10]. The Si and Si/

graphene-masked pieces were then left in air for 3 days. In a

separate experiment, graphene was deposited onto a Si–H-

terminated substrate with a native SiO2 layer (native oxide

thickness of approximately 2 nm) [11].

For electrochemical etching of the Si and Si/graphene-

masked substrates, the following procedure was used. An

electrochemical cell with two electrodes was used for

etching with an aqueous HF/ethanol (3:1 (v/v)) anodization

solution operating at 65 mA/cm2 (*13 V vs. a platinum

electrode) [12, 13]. This was carried out over a 5 or 30 min

time period. The counter and reference electrodes were a

platinum grid (diameter of *1.5 cm), while the Si or Si/

graphene-masked substrates were the working electrode

(*1.5 cm2). During the etching process, the platinum was

used as a cathode, where the reduction of water to emit

hydrogen provided a stable reference system for electro-

chemical measurement [14]. All etching was carried out at

ambient room temperature in the dark on a Keithley 2612

System SourceMeter� controlled by Labview software.

Raman spectra of the Si and Si/graphene-masked pieces

were collected in air using a WiTEC alpha300R confocal

microscope in Raman mode equipped with a 532-nm

(Elaser = 2.33 eV) laser diode (\60 mW). A CCD detector

(cooled at approximately -60 �C) was used to collect Stokes

Raman signals at ambient room temperature (approximately

24 �C) over a wavenumber range of 400–2000 cm-1 with an

exposure time slot of 5 s for each measurement. For Raman

mapping, the Si and Si/graphene-masked pieces were scan-

ned over an area of approximately 50 9 50 lm with a pixel

array of 100 9 100 while the Raman signal was collected

using a 9100 objective (Numerical Aperture 0.9; Nikon).

The integration time was 0.1 s for each pixel of signal col-

lection. The mapping image was generated based on the

intensity of their main characteristic peaks, namely the Si–H

band at *2100 cm-1 [11], the Si band at *520 cm-1 [11],

and the graphene G-band at *1600 cm-1 [15].

After etching, the Si and Si/graphene-masked substrates

were imaged using SEM in order to characterize the

topography. A scanning electron micropscope (CAMScan

MX2500, CamScan Ltd, UK and Helios D433, Dual Beam

FiB/SEM, FEI Co., USA) was used with an operating

voltage of 20 kV.

Results and discussion

A Raman spectrum of the graphene deposited on a Si–H-

terminated substrate after exposure to air for 3 days was

taken (Fig. 1a). Figure 1a shows a Raman spectrum col-

lected from the graphene-covered Si surface. Typical bands

of graphene were observed at *1600 cm-1 (G-band, in-

plane vibration of sp2 carbon atoms) and *2700 cm-1 (G0

band, vibration of stacking order) [15]. By comparing the

intensity of these bands, we estimated that the graphene on

the Si surface was about 2–6 layers thick [15]. Interest-

ingly, the D-band at *1350 cm-1, which arises from

strong defects observed in the center of graphene layers, is

not very pronounced, indicating the absence of a significant

number of defects [15]. This is clearly an advantage if

sealing-tape-exfoliated graphene is to be used as a suc-

cessful masking agent.

Figure 1a, and inset, shows Si–H vibrations from the Si

substrate at 480, 670, and 2100 cm-1 [11, 16] suggesting

that the Si–H bonds are still present under the graphene

layer. This implies that the graphene is protecting/masking

the surface from oxidation in air. The Raman signal based

on the peak intensity of the G-band was then mapped in

order to identify the position of graphene on the Si–H-
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terminated substrate. Figure 1b shows clearly the presence

of graphene with increasing intensities representing

increasing layers of graphene on the surface, from 2–6

layers (as marked in Fig. 1b). Figure 1c shows the Raman

mapping image of Si at *520 cm-1 [16]. The main Si

signal intensity is observed around the graphene sheets, as

expected.

Figure 1d shows the Raman mapping image of Si–H at

*2100 cm-1 [11, 16]. Most interestingly within the

graphene masking area, the Si–H Raman signal appears

stronger (brighter) than that collected from the surrounding

area. The Si–H intensity appears to be independent of the

thickness of the graphene and this is simply due to the

penetration depth of the laser. As these Si/graphene has

been exposed to air for three days post HF etching, it

appears that oxidation of the silicon has been inhibited by

the graphene which has acted as a mask, preventing any O2

diffusion under the graphene to oxidize the Si–H to SiO2.

To further investigate graphene’s ability to act as a mask

in a corrosive environment, two different Si/graphene

substrates one with graphene deposited on a Si substrate

with a thin (*2 nm) native oxide layer [11] and one with

graphene on a hydride-terminated Si substrate were elec-

trochemically anodized for 5 min in aqueous HF/ethanol

(3:1 (v/v)) 65 mA/cm2 (*13 V vs. a platinum electrode).

The former allows for a gap of *2 nm between the Si and

graphene such that the underlying oxide can be etched

away by the HF. The latter allows graphene to be in direct

contact with the Si and thus presumably will inhibit etching

under the graphene.

Figure 2a and b shows the SEM images of the etched

structures when graphene has been deposited on a Si sub-

strate terminated with a native oxide layer. Etched pores

were observed around and under the graphene (Fig. 2a).

Under a higher magnification, Fig. 2b shows that many of

the pores under the graphene are smaller (in terms of

diameter) than those outside, suggesting that graphene is

partially limiting the transportation of HF during etching

[13]. Once the silicon oxide has been etched away by the

HF, the gap between the graphene and Si then limits the

transportation and thus etching of the underlying Si, as

shown in Fig. 2c.

In contrast, the etching behaved very differently when

graphene was in direct contact with the hydride-terminated

substrate. Figure 2d and e show the SEM images of the

etched Si after 5 and 10 min anodization, respectively.

After 5 min, etching the pore nucleation was initialized in

the area directly surrounding the graphene sheet edges with

the underlying Si seemingly remaining unaffected

(Fig. 2d). This observation has been observed with Si3N4

masks on Si wafers where if the nitride is directly deposited

on the Si, it creates a lot of stress, which locally influences

Fig. 1 Raman characterization

of graphene deposited on a Si–

H-terminated surface after

exposure to air for 3 days;

a shows a typical Raman

spectrum collected from the

graphene-covered area; b–

d shows the Raman confocal

mapping images based on the

peak intensity of (b) the G-band

at *1600 cm-1, c the Si peak at

*520 cm-1 and d the Si–H

peak at *2100 cm-1. In b–d,

brighter color corresponds to a

stronger Raman signal

J Mater Sci (2014) 49:7819–7823 7821
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Fig. 2 SEM images and schematic of electrochemical pore-etching

on graphene-covered Si substrates with a thin native oxide layer and

with hydride termination. Pore-etching was carried out in aqueous

HF/ethanol solution (3:1 (v/v)) at 65 mA/cm2 (*13 V vs. a platinum

electrode). a shows etching on a graphene-covered Si substrate with

the oxide layer, b shows part of (a) (marked area) under high

magnification, c shows a schematic of the proposed etch profile, d and

e shows etching on graphene-covered hydride-terminated substrates

for 5 and 30 min, respectively, and f shows a schematic of the

proposed etch profile. Graphene (GR) has been marked for

identification

Fig. 3 Raman characterization

of graphene deposited on a Si–

H-terminated Si substrate after

electrochemical etching with

aqueous HF/ethanol solution

(3:1 (v/v)) for 30 min. a shows

an optical image, b–d are the

Raman confocal mapping

images based on the graphene

peak intensity of (b) the G-band

at *1600 cm-1, c the D-band

at *1350 cm-1 and d the G0-
band at *2700 cm-1. All scale

bars are 2 lm

7822 J Mater Sci (2014) 49:7819–7823
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pore growth in a major way. Instead of pores, a deep trench

following the edge of the nitride is formed [17]. It seems

surprising that graphene alone can induce this type of

stress. However, if there is structural change due to cova-

lent bonding between defect edges on the graphene and the

hydride-terminated Si this may induce local stress. As a

consequence, most of the etched macropores were sur-

rounding the graphene mask in Fig. 2d and e. At longer

etching times, 30 min (Fig. 2e), the Si surrounding the

graphene has been substantially more etched while the Si

under the graphene appears relatively untouched. The

underlying Si does not seem to be affected by attack from

the aqueous HF/ethanol anodization solution at 65 mA/cm2

(*13 V vs. a platinum electrode).

Raman characterization of the graphene-covered

hydride-terminated Si substrates etched for 30 min is

shown in Fig. 3a–d. The optical image (Fig. 3a clearly

shows pronounced etching at the edges between the

graphene and the Si while the Raman mapping of the G

(Fig. 3b) and G0 (Fig. 3d) modes show that the graphene is

still intact on the Si surface. Most interestingly is the

D-band (Fig. 3c).

Prior to etching (see Fig 1a), there is little Raman signal

from the D-band due to the lack of defects on, in particular,

the graphene basal planes. This is still true after etching.

However, Fig. 3c shows that there is significant Raman

signal from defects at the edges of the graphene sheets after

etching, presumably due to oxidation of any dangling

bonds at the graphene sheet edges. These defects are not

propagated into the sheet but remain localized (pinned) at

the interface between the Si and graphene edges. Poten-

tially this may give rise to covalent interactions which act

as a barrier to etching under the graphene basal sheets, thus

facilitating the masking of the Si.

Conclusions

A facile approach for graphene masking, based on the

sealing-tape-exfoliation deposition of graphene onto

hydride-terminated Si wafers, has been demonstrated.

These assemblies were investigated for graphene’s ability

to act as a masking agent for both air oxidation and elec-

trochemical etching using HF-based solutions. Oxidation in

air over three days indicated that Si–H functionality

remained under the underlying Si substrate, as determined

by means of Raman confocal mapping. It is proposed that

the liquid-like properties of graphene facilitate an intimate

interaction between the graphene and Si, effectively cre-

ating a hermetic seal between the two materials. In order to

determine the effectiveness of graphene as a mask in

electrochemical etching, the assemblies were subjected to

anodic etching in aqueous HF/ethanol solution. SEM,

optical imaging, and Raman confocal mapping indicated

substantial etching at the edge planes between the graphene

and hydride-terminated Si, but not at the underlying sub-

strate. It is proposed that oxidized graphene edges poten-

tially form covalent bonds with the Si thus inhibiting

etching further under the graphene assembly.
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