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Section S1: Sample Preparation 

Silicon Pillar Formation and Oxidation: A series of 10 μm tall and 10 μm diameter silicon (Si) 

pillars were formed on a silicon-on-insulator (SOI) substrate (having a top-Si layer thickness of ~ 

10 μm and a buried oxide thickness of ~ 1 μm) in photo-lithographically defined areas. To obtain 

these Si micro-pillars, SOI substrates with photo-lithographic patterns were subjected to deep 

reactive ion etching, which is known as the Bosch process with cyclic application of sulphur 

hexafluoride SF6 and octafluorocyclobutane C4F8. The pillars are arranged in patches on the 

substrate; each patch contains an array of 5x5 pillars with ~ 50 μm spacing between them. The 

pillars (along with the rest of the substrate) contained ~ 3 nm native oxide (measured using 

Ellipsometry). The oxide thickness was increased up to ~ 90 nm by oxidizing the substrate in 

ambient air at 900 
o
C for ~ 4 hrs to ensure constructive interference of Raman signals

1
 collected 

using the 532 nm laser. 

Graphene Growth: A tube furnace (OTF-1200x-STM, MTI Corp., CA) equipped with a scroll 

vacuum pump was used for chemical vapor deposition (CVD) of single-layer graphene (SLG). A 

1x1 inch
2
 copper (Cu) foil was placed in the furnace and was heated up to 1000 

o
C at a pressure 

of 125 mTorr maintained with a fixed flow of hydrogen. The hydrogen-only reduction step 

continued for 30 min at 1000°C, which is followed with a flow of methane at a pressure of 1.25 

Torr for 30 min at 1000°C. The furnace was cooled down to room temperature while keeping the 

flow of methane and hydrogen. After completion of the growth, SLG was observed on both sides 

of the Cu foil. 

Graphene Transfer: Fig. S1 shows the schematic of the SLG transfer process on to silicon micro-

pillars. A thermal release (TR) tape (125 
o
C release; Nitto Americas Inc., CA) was carefully 
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placed with no entrapped air bubbles over one side of the Cu foil coated with SLG. SLG present 

on the other side of the Cu foil was removed using a 5 min O2 plasma treatment at 35 mW RF 

power. The placement of TR tape with the SLG on Cu foil in Fe(NO3)3 solution (made with 50 

mg diluted in 1 ml of deionized DI water) for ~ 4 hrs etched away Cu and left SLG on TR tape, 

which was later rinsed with DI water and blow-dried with N2. The tape with SLG was adhered to 

the substrate with silicon micro-pillars at room temperature. The tape was later released by 

heating the substrate at 125°C for 1-2 min. The tape and other organic residues were removed 

from the substrate using forming gas (10% H2; Ar balance) anneal at 400 
o
C for ~ 4 hrs. The 

process leaves SLG on the micro-pillars of the substrate (along with other unanalyzed regions 

that the tape adhered to) for subsequent chemical modification.  

 

Fig. S1    Schematic representation of the transfer process of single-layer graphene (SLG) from 

Cu foil to silicon substrates with micro-pillars. 
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Fig. S2    Surface topography of SLG before oxidation obtained using Atomic Force Microscopy 

(AFM). AFM (a) height and (b) phase profiles of SLG placed on top of a micro-pillar. Areas 

imaged in Figs. 2(a) and 3(a) are marked using square boxes in Figs. (a) and (b), respectively. 

The bright spots in the AFM profiles represent residues from the SLG transfer process. As SLG 

has incomplete coverage on the micro-pillars, SiO2 is exposed in some part of the image as 

marked in Fig. (a). 
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Fig. S3    AFM (a) height and (b) phase profiles on top of a micro-pillar after SLG oxidation at T 

~ 678 
o
C using p(O2) ~ 2.5 Torr for t ~ 150 s. Presence of transfer residues (highlighted using 

circles in Fig. (a)) do not influence SLG oxidation, as similar degrees of oxidation are observed 

in SLGs with and without residues (highlighted using circles in Fig. (b)). Areas imaged in Fig. 

3b is marked using a square box in Fig. (b). 
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Fig. S4    Two-dimensional map of D-band for the regions profiled in Fig. S3. As the laser spot 

size is ~ 1 µm, the oxidized (O-SLG) and pristine (SLG) domains cannot be distinguished in the 

Raman profile. 

 

 

 

Fig. S5    Comparison of (a) AFM phase profile and (b) SEM image (performed using ~ 1 kV 

acceleration voltage) of oxidized SLG. Oxidation is performed here at T ~ 653 
o
C and at p(O2) ~ 

2.5 Torr. The oxidized areas (O-SLG; with higher phase in the AFM scan) appear darker in the 

30000 D-band area
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SEM image compared to the non-oxidized areas, which suggests O-SLG regions have lower 

conductivity. 

 

 

Fig. S6    Raman analysis of SLG before oxidation. (a) Raman spectra collected from SLG at 

room temperature using different excitation wavelengths (λ = 514, 532, 633 nm). Representative 

Raman bands (D, G, D′, G*, and 2D-bands) are marked for the 532 nm spectrum. The spectra 

show G-band peak at ~ 1588, 1591, 1592 cm
-1

, 2D-band peak at ~ 2691, 2689, 2647 cm
-1

 and 

G
*
-band peak at ~ 2455, 2460, 2463 cm

-1
 at λ = 514, 532, 633 nm, respectively; the 2D/G peak 

ratios are ~ 1.6, 1.73 and 1.29 (after background subtraction) for the wavelengths under study. 

Additional peaks at ~ 1353, 1350, 1327 cm
-1

 (the D-band; with D/G ratio ~ 0.1) and at ~ 1626, 

1624, 1621 cm
-1

 (the D′-band; with D/D′ ratio ~ 2) measured at the three wavelengths are 

possibly related to defects present at the edges of the SLG patches after the incomplete SLG 

transfer to micro-pillars. (b) A plot of temperature dependence of the D, G, D′, and 2D-band 

peak frequencies (ωD, ωG, ωD´ and ω2D) using λ = 532 nm excitation. To collect these 

temperature dependent data, samples containing SLG were placed inside TS-1500 Linkam stage 
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and kept at ~ 20 Torr Ar ambient. The frequencies for all these Raman bands red-shift (i.e. shift 

towards lower wavenumber) with the increase in temperature. In literature, only one article has 

reported shifts in G-band peak over such a broad temperature range
2
 (while others report 

measurements over a small range of temperature
3, 4

), which is consistent with our measurement.  

 

 

 

Fig. S7    Results from annealing of SLG at ~ 300 
o
C under vacuum (0.1 mTorr). In-situ Raman 

data suggests (a) negligible change in the D/G peak ratio and (b) a monotonous change in the G- 

and 2D-band peak frequencies (ωG and ω2D) from its pre-oxidation value. The blue-shift in ωG 

and red-shift in ω2D suggests desorption of –OH groups from SLG and a resultant n-doping.
5
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Fig. S8    Time dependence of (D/G|t~0 – D/G|0) during oxidation of SLG measured at p(O2) ~ 

1.25 mTorr and at temperatures 660-740 
o
C. The solid line suggests ~ t

2
 dependence for the 

initial stage of oxidation supporting the LD ~ 1/t assumption in equation (2) of the main text. 
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Fig. S9    In-situ Raman data suggests (a) negligible change in the D/G peak ratio and (b) an 

increase (blue-shift) in the G-band peak from its pre-oxidation value, when SLG is exposed at ~ 

650 
o
C in a Linkam stage with p(O2) ~ 5 Torr. 
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Fig. S10    Results from ozone exposure of SLG at a partial pressure of ~ 20 Torr. Ozone was 

generated using a DEL ZONE-LG-7 ozone generator with a flow of 13.5 psi O2. Generated 

ozone was flown into a vacuum chamber containing samples with SLG. The ex-situ Raman data 

suggests significant increase in D-band Raman signal and an eventual disappearance of 2D-band 

signal after SLG is exposed to ozone - (a) for different durations at a fixed temperature and (b) 

for a fixed duration at different temperatures. (c) AFM height profile after ozone treatment of 

SLG shows significant presence of pores (the black spots). 
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