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Abstract 

  Micro-nano processing for the functionalization of materials is one of the important 

approaches for revealing their potential. The development of micro-nano processing 

enables the integration of an enormous number of functions in a unit area and the 

extraction of unique functions that only emerge from nanostructures. In the field of 

semiconductors, many researchers have devoted their efforts to the development of 

micro-nano processing in the last several decades. 

Chemical etching of semiconductors assisted by various types of catalysts is drawing 

much attention as one of the wet anisotropic etching methods for fabricating their 

micro-nano structures. Although noble metals are usually utilized as the catalysts, the 

utilization of metal materials is undesirable for semiconductor processes. The aim of 

this thesis is to apply graphene oxide, a 2D nanocarbon material, for the catalyst of 

semiconductor etching reactions and to reveal its catalytic mechanism.   

  In chapter 1, a brief review of semiconductor processing, catalyst-assisted etching of 

semiconductors, and graphene oxide were described.  

  In chapter 2, the catalytic activity of graphene oxide toward silicon etching reaction 

in a wet process is revealed and its catalytic mechanism with the etchant of HF-HNO3 

solution is discussed in terms of reaction kinetics and a catalytic active center of 

graphene oxide. The selection of the oxidant in the etchant influences the etching rate 

due to the difference in the catalytic activity of graphene oxide towards the oxidant 

reduction reaction. In the case of HF-HNO3 etchant, the amount of adsorbed NO3
- on 

silicon or graphene oxide surfaces affects the etching rate, and structural defects on 

graphene oxide have an advantage in terms of its adsorption, which results in the 

enhancement of the etching reaction under graphene oxide.  
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  In chapter 3, chemical etching of silicon assisted by graphene oxide in vapor phase is 

suggested. The vapor phase etching can restrict the problems of porous structure 

formation and pealing of GO during the etching process which occurred in the assisted 

etching in the liquid phase. Furthermore, µm-order site-selective etching of silicon is 

demonstrated by combining the vapor phase assisted etching process and micro-contact 

printing of graphene oxide.  

In chapter 4, etching behaviors of GO-loaded InP substrate in various types of etching 

solutions were reported. In the assisted etching of InP, the stability of its oxide affects 

the etching behavior. When the oxidant reduction is the rate-determining step in the 

assisted etching reaction by utilizing the optimized etchant, GO enhances the etching 

reaction due to its catalytic activity towards the oxidant reduction reaction. 

  In chapter 5, a summary and a conclusion of this thesis are described, and the outlook 

of chemical etching of semiconductors assisted by graphene oxide is suggested for further 

improvement and more practical application of this etching process. 
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Chapter 1 Introduction 

 

1.1 Semiconductor processing 

The development of the semiconductor industry began with the invention of the 

transistor by John Bardeen and William B. Shockley in 19471. After the invention of the 

integrated circuit by Jack Kilby in 1959, many researchers devoted their efforts to 

minimizing an electric component for the integration of an enormous number of functions 

in a unit cell. The trend of scaling semiconductor devices has continued to guide Moore’s 

law that component density and performance of integrated circuits doubles every year, 

which was revised to doubling every two years. However, the chip size shrink trend in 

the 2D direction has been reaching its limitation because of the limitation of lithography 

techniques and the lack of reliability on the behavior of quite miniaturized devices2.  

The recent trend of the integration is the 3D stacking for 3D NAND fresh memory3 or 

3D structure FET for logic circuits represented by FinFET4 and gate-all-around 

MOSFET5. For fabricating these complicated 3D structures, the micro-nano processing 

of semiconductor surfaces is indispensable for improving their performance. Furthermore, 

the development of micro-nano processing also enables the extraction of unique functions 

that only emerge from nanostructures, and the nanostructures are now utilized in 

nanoelectronics6,7, bio- and chemical sensors8,9, and solar cells10.  

A number of methods including both bottom-up and top-down processes are utilized 

to fabricate ideal nanostructures of semiconductors, such as vapor-liquid-solid growth11, 

dry etching12, and electrochemical etching13 in the case of silicon. Focused on silicon 

etching techniques, they are categorized as wet etching and dry etching.  

A wet etching enables low-cost and high throughput processing of silicon by attacking 

the liquid reagents directly to the silicon surfaces without high energy from the outside. 
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In wet etching, the kind of the etching solution has an influence on the morphology of the 

structure after etching depending on the rate-determining step in the etching reaction. 

When a certain reaction such as oxidation and dissolution of silicon restricts the whole 

etching reaction, the difference in the etching rate towards each orientation affects the 

morphology, which results in isotropic etching. On the other hand, when the diffusion of 

reactants or products restricts the whole etching reaction, the etching rate is the same in 

all directions and the etching proceeds isotropically. These etching behaviors are also seen 

in compound semiconductors such as InP and GaAs.  

A dry etching generally means plasma etching technique. In this process, a glow 

discharge dissociates and ionizes the gaseous reactants to form reactive and ionic species 

which react with semiconductors. Although the dry etching needs expensive machines 

and the damage induced in the etching process is unavoidable, highly accurate processing 

of semiconductors can be achieved due to side wall passivation simultaneously 

introduced during the etching and the direction control of ions by the applied bias. 

 

 

Figure 1-1 Schematic illustrations of (a) anisotropic etching and (b) isotropic etching. 

 

1.2 Catalyst-assisted chemical etching of semiconductors 

Since Li and Bohn reported an anisotropic etching of silicon by utilizing noble metals 

as catalysts for the etching reaction for the first time in 200014, metal-assisted chemical 

etching (Mac Etch) has been attracting increasing attention in the fabrication of 
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semiconductor micro-nano structures. In this process, when a semiconductor substrate 

deposited with catalysts is immersed in a solution composed of proper acids and strong 

oxidants, the semiconductor material under the catalysts dissolves faster than in non-

covered areas. In the case of Mac Etch of silicon in HF-H2O2 solution which is generally 

utilized, the reaction equation is described as following cathode and anode reactions,  

Cathode reaction  

H2O2 + 2H+ + 2e- → 2H2O 

Anode reaction 

Si + 4HF2
- → SiF6

2- + 2HF + H2 + 2e- 

This anisotropic etching process is suitable for the fabrication of silicon micro-nano 

structures due to its simplicity, cost-efficiency, and controllability of crystalline quality 

and morphology. Formation of silicon complex structures, such as zigzag structures15, 

nano-cones, and helical structures16, has been suggested by choosing the optimized noble 

metal catalyst, etchant compositions, and etching conditions of the Mac Etch process. 

Furthermore, the application of Mac Etch towards other semiconductor materials of 

InP17,18, GaAs19, InGaAs20, and SiC21 has been reported. 

Although Mac Etch has a number of advantages for the fabrication of micro-nano 

structures, the removal of noble metal particles embedded in silicon micro-nano 

structures is challenging and the remaining metals introduce deep-level traps that 

markedly affect device performance22. Moreover, the acid solution for the metal removal 

can dissolve compound semiconductors, which deteriorates their morphology. 

  Some researchers recently suggested the replacement of noble metal materials with 

non-metal catalysts of carbon materials for semiconductor etching reactions23–29. Carbon 

materials are widely known as catalysts of oxidant reduction in the assisted etching of 

silicon, such as hydrogen peroxide (H2O2)30, oxygen27,31, and nitric acid (HNO3)32. 
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Various types of carbon materials, including graphite particles23,24, carbon nanotubes25, 

and graphene26, have been shown to enhance the silicon etching reaction with an 

optimized etching solution. Another research group has reported the application of 

graphene oxide to the catalyst for Ge etching reaction. However, the etching rate of 

carbon-assisted etching is very slow and its mechanism is still unclear. 

 

 

Figure 1-2 A schematic illustration of catalyst-assisted silicon etching. 

 

1.3 Graphene Oxide 

  Products of oxidated graphite, called graphite oxide, were reported about two hundred 

years ago. Graphite oxide with a thickness of nm order was first suggested by 

Kovtyukhova33, to the best of my knowledge and this monolayer graphite oxide was 

called graphene oxide (GO) after the discovery of graphene34. GO is a carbon-based 

ultrathin material decorated with ample oxygen functional groups. Various types of GO 

synthesis processes, represented by Brodie’s method, Staudenmaier’s method, Hummers’ 

method, etc., are suggested, and different methods can synthesize GO with different 

structures in not only micro-scales such as sheet size and thickness but also nano-scales 

such as carbon crystallinity and the amount of oxygen functional groups35. Although the 

structure of GO is still under discussion, the Lerf-Klinowski model is the most accepted 
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model36. In this model, epoxy and hydroxy groups decorate the basal plane of a 

honeycomb structure of carbon, and carbonyl and carboxy groups are attached to edge 

areas of GO. These oxygen functional groups enable GO to disperse in some solvents, 

and solution-based manipulation has the advantage to load easily on a certain surface37. 

GO was in the spotlight as the precursor of graphene in the initial stage38. Recently, its 

unique features of the large specific surface area and the surface interaction with some 

molecules have been utilized as supercapacitors39, bio-sensors40, catalysts41, and so on.  

 

 

Figure 1-3 (a) A schematic illustration of GO structure. (b) An AFM topographic image 

of GO. (c) A graphic image of GO dispersion.   

 

1.4 Objectives and outlines of this thesis 

In this thesis, the catalytic activity of GO was focused on for its application to the 

assisted etching of semiconductors. The catalyst for the assisted etching reaction must 

have the potential to enhance the oxidant reduction reaction utilized in the assisted 

etching process such as H2O2, O2, or HNO3. In the case of GO, it has been widely 

reported that GO enhances the oxygen reduction reaction and applies to the catalyst of 

fuel cells. Furthermore, it was reported that other oxidant reduction reactions of H2O2 

and HNO3 are also catalyzed by GO. Many researchers have discussed the catalytic 

active center of graphite-related materials from the viewpoint of experiments and 
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simulations. When graphite-related materials are utilized as catalysts, intrinsic defects, 

edges, or heteroatoms of those materials play central roles in their catalytic activities42. 

These regions alter the charge or spin distribution of π electrons, enabling oxidants to 

readily adsorb to the surfaces, thereby increasing chemical reactivity. In terms of defects 

density, GO has a lot of defects which was introduced in the synthesis process, which 

can efficiently work as catalytic active sites. 

 

 

Figure 1-4 A schematic illustration of the catalytic active center of GO structure. 

 

The purpose of this thesis is the semiconductor processing by utilizing GO as the 

catalyst for the etching reactions. Furthermore, the control of the assisted etching 

reaction is demonstrated by understanding its reaction mechanism.  

The details are as follows. 

Chapter 2 Chemical etching of silicon assisted by graphene oxide in liquid phase 

  In this chapter, GO-assisted silicon etching in liquid phase was demonstrated and its 

catalytic mechanism was discussed. It was revealed that GO promoted the etching 

reaction of silicon and that its etching rate was different in the solution containing a 
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different oxidant. Then, the reaction mechanism of GO-assisted etching was 

investigated using HF-HNO3 etchant. The relationship between temperature and etching 

rate was investigated to understand GO-assisted silicon etching in terms of reaction 

kinetics. It was found that GO did not decrease the activation energy of the reaction but 

enhanced the frequency factor mainly due to the adsorption of reactants. Furthermore, 

when GO with different structural defect densities was applied to the assisted etching 

catalyst, higher etching rates were obtained for GO with more structural defects, 

indicating that the structural defects in the GO structure function as catalytic active 

sites. Based on these results, a catalytic mechanism for GO-assisted silicon etching was 

proposed, in which oxidants are more easily adsorbed on the GO structural defects than 

on the silicon surface, and this difference in adsorption frequency generates a difference 

in etching rate between the GO-covered and bare areas, resulting in the enhancement of 

the etching under the GO. 

 

Chapter 3 Vapor phase chemical etching of silicon assisted by graphene oxide 

In the GO-assisted silicon etching in the liquid phase described in the previous 

chapter, the following problems were identified. One issue is the peeling of GO sheets 

by the gases or bubbles produced during the etching process, such as hydrogen and 

nitrogen dioxide. Another difficulty is the formation of a porous structure during 

assisted etching. The formation of this layer is a phenomenon that is unique to the 

assisted etching process. As a new process to solve these problems, assisted etching 

using the vapor phase method was suggested. This is a method in which the substrate is 

exposed to etching vapor generated from the etchant, instead of directly immersing the 

semiconductor substrate in the etchant. It is known that this method does not generate 

bubbles due to the reaction gas formed in the solution process and suppresses the 
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formation of a porous structure, although the reaction mechanism is not clear. In this 

study, the vapor phase method was applied to GO-assisted etching and attempted to 

solve the problems that arose in the solution process. 

It was shown that the etching reaction under GO was enhanced without the formation 

of a porous structure by using an appropriate solution as a vapor source. In order to 

investigate the reaction mechanism in the vapor phase method, the temperature 

dependence of the reaction rate was confirmed, and it was found that the etching rate 

was saturated at 60°C, suggesting that mass transfer contributed to the rate-determining 

process in the vapor phase method. Furthermore, a site-selective etching was 

demonstrated by combining µCP as a position control of GO. GO pattern was 

transferred to a silicon substrate by pressing a GO-loaded stamp onto the substrate. 

Pattern etching on the order of µm was achieved by vapor phase etching of silicon 

substrates on which GO patterns were transferred by µCP. 

 

Chapter 4 Chemical etching of InP assisted by graphene oxide 

Recently, metal-assisted etching has been applied to not only silicon but also 

compound semiconductors. In this chapter, chemical etching of InP assisted by GO was 

demonstrated, and a possible mechanism of GO-assisted InP etching was suggested by 

combining XPS analyses. The solubility of the InP oxide layer towards the etching 

solution affected the rate-determining step of the InP etching reaction. When the oxidant 

reduction reaction catalyzed by GO was the rate-determining step, the etching reaction 

under GO was enhanced. Furthermore, the etching behavior was different in utilizing 

different oxidants, indicating that the catalytic activity of GO for the oxidant reduction 

also affected the etching behavior. 
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Chapter 5 Conclusion and outlook 

In chapter 5, a summary and a conclusion of this thesis are described, and the outlook 

of chemical etching of semiconductors assisted by graphene oxide is suggested for further 

improvement and more practical application of this etching process.  
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Chapter 2 Chemical etching of silicon assisted by 

graphene oxide in liquid phase 

 

2.1 Introduction 

  In this chapter, the catalytic ability of GO for the silicon etching reaction was confirmed. 

Firstly, the condition of GO-assisted silicon etching was optimized. In general, a couple 

of reaction, that is, an oxidant reduction reaction and a silicon oxidation reaction, was 

necessary for the catalyst-assisted silicon etching. In this section, HF-H2O2 or HF-HNO3 

solution which is usually used as the etchant for catalyst-assisted silicon etching was 

utilized as the etchant. Next, temperature dependency on the etching rate was checked 

and the Arrhenius plot was created to comprehend the catalytic mechanism of GO-

assisted silicon etching in the liquid phase in terms of reaction kinetics. Finally, the 

catalytic active sites on GO were identified by applying two types of GO sheets with 

different structural features. 

 

2.2 Experimental procedure 

2.2.1 Preparation of GO 

Two types of GO were prepared by different two methods: a modified Hummers’ 

method (CGO:Chemically-exfoliated Graphene Oxide) and an electrochemical 

exfoliation method (EGO:Electrochemically-exfoliated Graphene Oxide). Detailed 

processes were referred to previous reports43,44. The main difference between these two 

methods is the oxidation process. In the case of the modified Hummers’ method, graphite 

powder (Z-100, the average particle size:60 µm, Ito Graphite Co., Ltd.) was mixed with 

NaNO3 (98%, Nacalai Tesque), concentrated H2SO4 (97%, Nacalai Tesque) and KMnO4 

(99%, Nacalai Tesque) for 3 days in the ice bath. Then, 5% H2SO4 was added to the liquid 
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obtained, and the mixture was stirred for 2 hours. Furthermore, H2O2 (30%, Nacalai 

Tesque) was added to the mixture and stirred for 2 hours. The mixture was purified by 

exchanging the supernatant for ultrapure water after centrifuge. 

In the electrochemical exfoliation method, regarding Cao’s report44, galvanostatic 

charging was applied to graphite foil (99.8%, 0.5 mm thickness, Alfa Aesar) in a two-

electrode cell with a platinum wire as the cathode and concentrated H2SO4 (97 %, Nacalai 

Tesque) as the electrolyte. The charging current was kept at 100 mA for 20 minutes. After 

that, the graphite foil was removed from the first electrolyte, and potentiostatic charging 

was applied to the foil in a two-electrode cell with a platinum wire as the cathode and 0.1 

M (NH4)2SO4 (99%, Fujifilm Wako Pure Chemical Corp.) aqueous solution as the 

electrolyte. The charging voltage was kept at 10 V for around 10 minutes to exfoliate 

thoroughly. The exfoliated graphite flakes were then sonicated for 5 minutes and 

centrifuged for 10 min to remove the impurity, including (NH4)2SO4. It is considered that 

the electrochemical process is milder than chemical oxidation with strong oxidants, 

resulting in conductive GO sheets even without reduction treatments45. 

 

2.2.2 GO-assisted silicon etching in liquid phase 

For applying GO sheets to the assisted etching of silicon, each GO sheet was loaded 

on the silicon substrate at first. A single-side polished Si(100) wafer (1×1 cm2, 1–10 Ω 

cm, p-type, boron-doped) was cleaned by sonication in acetone, ethanol, and ultrapure 

water (a resistivity of 18.2 MΩ•cm)  in succession. The substrate was then subjected to 

the Xe excimer lamp (wavelength: 172 nm, 6~10 mW cm−2, Ushio Co Ltd.) treatment for 

removing organic contaminations. Then GO sheets were loaded on the silicon substrate 

by spin-coating (500 rpm for 15 s and then 2000 rpm for 150 s). 

Before the etching process, the PTFE beaker for etching was washed with diluted 
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HNO3 (70 wt%, for the electrical industry, Fuji Film Wako Pure Chemical Corp) and 

UPW at 80℃ for more than 30 min respectively. The GO-coated silicon substrate was 

then immersed in the mixture of HF (50 wt%, for the semiconductor industry, Morita 

Chemical) and oxidant of H2O2 (30 wt%, analytical grade, Fuji Film Wako Pure 

Chemical Corp.) or HNO3. The surface structure of the obtained samples was observed 

by atomic force microscopy (AFM, MFP-3D, Oxford Instruments) with an Al-backside-

coated Si cantilever (SI-DF40, spring const. 42 N m−1, resonance freq. 280 kHz, Hitachi 

High-Tech,) in amplitude-modulation mode and 3D laser microscopy (OLS4000-SAT, 

Olympus). The cross-section of the samples after etching was also observed by scanning 

electron microscopy (SEM, JSM-6500F, JEOL). The chemical conditions of the 

samples were analyzed by X-ray photoelectron spectroscopy (XPS, ESCA-3400, 

Shimadzu). An Mg target was applied using an acceleration voltage and current of 10 

kV and 10 mA, respectively. The spectra obtained were calibrated to the Si 2p peak at 

99.8 eV46. Structural analyses of GO were conducted with micro Raman spectroscopy 

(µRS, Lucir). The wavelength of the laser for the excitation light source was 532 nm. 

 

2.3 Etching behavior with various types of etching compositions 

2.3.1 Chemical etching of silicon assisted by graphene oxide in HF-H2O2 

To simplify the etching condition, only CGO was applied to the assisted etching at first. 

In this section, all of the GO was CGO. A topographic image of the silicon surface with 

a GO sheet is shown in Figure 2-1(a), with a cross-sectional profile obtained along the 

red line shown in the topographic image. A sheet of tens of µm in size with a thickness of 

~1.2 nm was imaged, demonstrating that a single layer of GO sheet was loaded on the 

substrate47. The AFM topography of the samples after 1, 4, or 16 hour etching at 25℃ 

and the corresponding cross-sectional profiles are shown in Figures 2-1(b),(c), and (d). 
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As shown in Figures 2-1(c) and (d), pores with the shape of GO were formed. Based on 

the cross-sectional profiles of pores, the depth was about 1.8 nm after 4 hour etching and 

18 nm after 16 hour etching, respectively. These results indicate that the GO sheets 

promote the etching reactions of silicon. However, in the case of 1 hour immersion, Si 

underneath the GO sheet was not etched and the height of GO area was 3.0 nm, which 

was approximately 1.8 nm thicker than a pristine GO sheet. This implies that silicon 

etching under the GO sheet was prevented in the first 1 hour.  

 

Figure 2-1 AFM topographic images and cross-sectional profiles along the lines of GO-

loaded silicon substrate (a) before etching, and after (b) 1, (c) 4, or (d) 16 hours of etching 

at 25℃, respectively. The etchant concentration was [HF]:[H2O2]=15:4.9 (mol L-1).  
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The etchant composition was optimized to improve the etching rate. Figure 2-2 shows 

AFM topographic images of GO-loaded silicon substrates after 16 hour etching. With 

others etching solutions, the etching rate was slower than that in the result of Figure 2-1. 

Chartier et al. reported that the etching rate is maximum when the etchant molar ratio of 

HF to H2O2 =3:1 in the case of Ag-assisted etching, which approximately fits this result 

of GO-assisted etching48. Furthermore, the GO-coated area was etched faster than not-

covered areas when the etchant was composed of only HF. In this case, dissolved oxygen 

may work as the oxidant for the assisted etching reaction. 

 

Figure 2-2 AFM topographic images and cross-sectional profiles along the lines of GO-

loaded silicon substrate after 16 hour etching. The molar concentration of the etchant was 

(a) [HF]:[H2O2]=7.8:7.3, (b) [HF]:[H2O2]=18:3.6, and (c) [HF] =29 (mol L-1).  
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In the case of metal-assisted silicon etching in HF-H2O2 solution, the etching process 

is often represented by electrochemical and chemical reactions49,50. It is widely accepted 

that H2O2 is reduced at the noble metal particles and that electrons are transferred to the 

silicon substrate through the noble metal particles. Then, silicon is oxidized and dissolved 

via HF. In the case of GO-assisted Si etching, similar reactions can occur. Many studies 

reported nanocarbon materials as catalysts for oxygen reduction reaction (ORR) in fuel 

cell.51,52. Furthermore, Song et al. reported that carboxyl-modified graphene oxide 

possesses peroxidase-like activity, and GO catalyzes the reduction of H2O2
30. Nanocarbon 

materials have some defects, edges, or heteroatoms (nitrogen, sulfur, oxygen, etc.), and 

these regions alter the local density of the π-electrons and increase the chemical 

reactivity.42,53 In the case of N-doped graphene application to the catalyst for ORR, the 

oxygen molecule is first adsorbed at the carbon next to the pyridinic nitrogen atom as the 

initial step of the ORR.54 There are edges or defects in GO sheets, and these active sites 

might be related to H2O2 reduction reaction and promote the etching reaction. 

  Of note, large GO sheets are disadvantageous from the viewpoint of the diffusion of 

the etchant and reaction products. Thus, the etching rate in one GO sheet can be 

heterogeneous. Actually, the edge area of GO sheet is etched deeper than the center of the 

sheet. There are two explanations for the high etching rate around edge areas. One is that 

the edge area has higher catalytic ability than that of the center which some researchers 

reported. The other is that the basal planes of the sheets are more disadvantageous than 

the edges of the sheets in terms of the diffusion of the reactants and reaction products. 

However, there was little difference in the etching rate in the basal planes of one GO sheet. 

This may be due to the existence of pores in GO sheets. Several studies examined the 

nanoscale structure of GO using transmission electron microscopy (TEM) or scanning 

tunneling microscopy (STM)55,56. Erickson et al. previously reported that there are some 
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pores with an average size of 5 nm2 on GO sheets55. During the GO synthesis process, 

graphite is strongly oxidized by KMnO4, concentrated sulfuric acid, and nitric acid, which 

causes many defects or pores on GO sheets, and these pores can aid in the diffusion of 

etchant and reaction products. The geometric and chemical structures of GO may be 

related to the enhanced etching of silicon. 

It may be possible that the oxygen functional groups on GO sheets can oxidize the 

silicon, which results in enhancing the etching reaction. Furthermore, GO can be damaged 

and its catalytic properties can deteriorate. XPS analysis of samples was performed to 

confirm these hypotheses. The XPS C 1s spectra of samples before and after etching are 

shown in Figure 2-3. Furthermore, C 1s spectra were deconvoluted to 6 peaks, i.e., sp2 

C=C at 284.4 eV, sp3 C-C at 285.0 eV, C-OH at 286.2 eV, C-O-C at 286.9 eV, C=O at 

287.9 eV, and COOH at 289.1 eV47. Comparing Figure 2-3(a) with 2-3(b), peaks derived 

from C-O-C and C-OH significantly decreased after etching for 1 hour. The possible 

hypothesis is that oxygen functional groups decorated on GO sheets were transferred to 

hydrogen-terminated silicon (H-Si) and the formed Si-O was removed by HF. In the 

previous report57, when GO sheets were spread onto H-Si(111), C=O and C-O-C moieties 

on GO sheets decreased according to XPS C1s spectra, suggesting that the C-O-Si bond 

was formed between GO and Si, and oxygen functional groups were eliminated from GO 

due to the high reactivity of H-Si(111) surface. In addition, there was little difference 

between the 1 hour and 16 hours etching samples (Figure 2-3(b) and (c)), suggesting that 

the GO sheets were not altered during the enhanced etching stage. This indicates that 

reduced GO sheets have the potential to enhance the etching reaction.  
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Figure 2-3 XPS C 1s spectra of samples (a) before and after (b) 1 hour or (c) 16 hours of 

etching. The spectra were calibrated to the Si 2p peak at 99.8 eV. Each spectrum was 

deconvoluted to six peaks as shown in the figure. 
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2.3.2 Chemical etching of silicon assisted by graphene oxide in HF-HNO3 

In this section, only CGO was applied for the catalyst of assisted etching. The etching 

of GO-coated silicon substrates under different etchant compositions was carried out to 

evaluate the catalytic activity of GO towards the etching reaction. Figure 2-4 shows the 

surface morphology and the cross-sectional profiles of the silicon substrate after the 

etching process observed by 3D laser microscopy. The etching temperature was kept at 

25°C. When the concentration of the HNO3 was high (the molar concentration of HF to 

HNO3 was 1.5:15 (mol L-1)), the area covered by GO sheets was around 100 nm higher 

than the bare parts (Figure 2-4(a)). This result means that GO sheets prevent the etching 

reaction in the HNO3-rich etchant. On the other hand, when the GO-coated substrate was 

immersed in the etchant of which the concentration of HF to HNO3 was 29: 3.2×10-2 (mol 

L-1) (30 mL HF and 60 µL HNO3), a lot of circular pores were formed under GO sheets, 

as shown in Figure 2-4(b). However, the etched surface was not homogeneous, and the 

morphology was heavily roughened. This etchant condition is not suited for practical 

application. This result may be because the gases produced in the etching process stuck 

on the backside of GO sheets and prevented the diffusion of the reactants. Next, the 

concentration of HNO3 was decreased to restrict produced gases. Figures 2-4(c) and (d) 

show the samples after etching for 4 and 16 minutes each in the etchant of which the 

concentration of HF to HNO3 was 29:5.3×10-3 (mol L-1) (30 mL HF and 10 µL HNO3). 

In this etchant condition, the GO-sheet-like pores were formed on the substrate surface, 

and the etching depth was almost proportional to the etching time despite of the slower 

etching rate compared with that of Figure 2-4(b). This result means that GO sheets 

promoted the etching reaction by utilizing the optimized etchant. 

  The silicon etching reaction in HF-HNO3 etchant is frequently described by a series of 

HNO3 reduction, silicon oxidation, and dissolution58–62. The reaction equations are as 
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follows, 

Silicon oxidation 

Si + 4HF2
- → SiF6

2- + 2HF + H2 + 2e- 

HNO3 reduction 

HNO3 + 3H+ + 3e- → NO + 2H2O 

It has been generally known that the etching of silicon in HF-HNO3 system is isotropic 

because the etching reaction is so fast that the diffusion of the reactants or products 

restricted the etching reaction. However, the etching behavior can be reaction-limited by 

reducing the concentration of HF or HNO3. In this situation, the concentration of HF and 

HNO3 changes the rate-determining step in this etching process. In the high HNO3 

compositions, HF diffusion and silicon dissolution should determine the etching rate60. 

On the other hand, when the HF concentration of the etchant is high, HNO3 diffusion or 

its reduction reaction should restrict the etching reaction62. Based on this tendency, it 

would be concluded that GO sheets work as the mask in HNO3-rich etchant because the 

GO prevents the rate-limited step, that is, the diffusion of HF2
- or SiF6

2- around the silicon 

under the GO. Furthermore, GO sheets enhance the etching reaction in HF-rich conditions 

since GO sheets assist the HNO3 reduction reaction, which can be the rate-determining 

step in HF-rich etchant. The higher etching rate in the HF-rich HF-HNO3 solution with 

higher HNO3 solution also supports that the HNO3 reduction restricts the whole etching 

reaction in the HF-rich HF-HNO3 solution, comparing the result of Figures 2-4(b) and (d). 

  In HF-HNO3 system, GO can be oxidized and damaged by the HNO3. The chemical 

condition of GO before and after the etching process is essential to confirm whether GO 

sheets are damaged or not. Figure 2-5 shows the XPS C 1s spectra of GO before and after 

etching. Although a peak around 287 eV derived from oxygen functional groups was 

detected on the GO sheets before etching (Figure 2-5(a)), this peak disappeared after 4 
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minute etching also in HF-HNO3 solution. Furthermore, there was little difference 

between the spectrum after etching for 4 minutes and 16 minutes, shown in Figures 2-

5(c) and (d). These results prove that the catalytic ability of GO has not deteriorated 

during the etching process. The etching rate in HF-HNO3 solution was higher than that in 

HF-H2O2 solution. There are two possible mechanisms to explain this etching rate 

difference. One is that the dissolution rate of silicon in each solution affects the etching 

rate under GO sheets. It is well-known that HF-HNO3 solution can dissolve silicon faster 

than that of HF-H2O2. The other is the difference in GO catalytic activity towards each 

oxidant reduction reaction although the detailed mechanism is still unclear.  
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Figure 2-4 3D laser microscope topographic images and cross-sectional profiles along the 

lines of silicon substrate loaded with GO sheets after etching at 25 °C. The etchant 

concentration of [HF]:[HNO3] was (a) 1.5:15 (mol L-1), (b) 29:3.2×10-2 (mol L-1), and (c, 

d) 29:5.3×10-3 (mol L-1). The etching time was (a, b, d) 16 minutes and (c) 4 minutes. 
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Figure 2-5 XPS C 1s spectra of silicon substrates loaded with CGO sheets (a) before 

etching and after etching for (b) 1 minute, (c) 4 minutes, and (d) 16 minutes.  
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2.4 Reaction kinetics of GO-assisted silicon etching in HF-HNO3 

solution 

The previous section implied that GO sheets promoted the HNO3 reduction reaction, 

which caused the enhancement of the silicon etching reaction under GO sheets. For 

elucidating the mechanism of the GO-assisted etching reaction, the temperature 

dependence of the etching rate was evaluated using Arrhenius equation63, 

𝑘 = 𝐴exp (−
𝐸a
𝑘𝐵𝑇

) 

where k, kB, and T represent the reaction rate, Boltzmann constant, and temperature, 

respectively. Ea is the activation energy and A is the pre-exponential factor which is 

generally interpreted as the parameter depending on the collision frequency of the 

reactants. 

Figure 2-7 shows the temperature dependence of the etching rate on the GO-covered 

parts and the bare silicon parts. The etchant concentration was the same as in Figure 2-

4(c), and the etching time was 4 min. The etching rate of bare silicon was calculated by 

measuring the weight change of a 2×2 cm2 silicon substrate in an etching process, 

𝑣 =
Δ𝑤

𝜌 × 𝑆
×
1

𝑡
×
3

5
 

where v is the etching rate (cm min-1), Δw is the weight change of the substrate in the 

etching process (g), ρ is the silicon density (2.33 g cm-3), S is the area of the substrate (4 

cm2), and t is the etching time (4 minutes). The etching rate should be calculated with the 

consideration of the fact that the etchant dissolved both sides of the substrate. The etching 

ratio for one side was calculated by floating the substrate on the etchant. The ratio of the 

etching rate of the polished-side to the backside was 3:2. Then, in order to compare the 

bare silicon areas with the GO-covered area, the etching rate of the bare substrate was 
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estimated to be 60% of the total because the GO sheets were loaded on the polished side 

of the silicon wafer. However, the total etching depth on the polished-side and backside 

was larger than the etching depth of the substrate, which was fully immersed in the etchant. 

This may be because HF vapor can etch silicon surfaces that are not in direct contact with 

the etchant23. A factor of 3/5 was used in the etching rate equation based on this 

experimental result. 

First, the etching rate increased as the etchant temperature increased for both systems. 

If the diffusion of the etchant limited the etching reaction, the etching rate does not depend 

on the etchant temperature apparently. This result indicates that the etching reaction in 

this system was reaction-limited. Next, the activation energy(Ea) on the bare silicon part 

was estimated to be 0.39±0.04 eV and that on GO was estimated to be 0.45±0.06 eV, 

respectively. Both Ea values agree with the previous report of silicon etching in the 

mixture of HF-HNO3
63 and there was little difference in their activation energy. On the 

other hand, the intercept of this Arrhenius plot, which was correlated to the pre-

exponential factor (A) on GO parts, was around ten times larger than that on the bare 

silicon part.  

As discussed in the previous section, the etching of silicon in HF-HNO3 solution is 

caused by HNO3 reduction and silicon oxidation, and the HNO3 reduction should be 

enhanced on the surface of GO sheets. Many researchers reported the mechanism of 

HNO3 reduction and explored the effective catalyts64,65. Groot et al. reported the detailed 

process of HNO3 reduction on platinum electrode64. At low HNO3 concentration, the 

HNO3 reduction proceeds through a series of reactions as follows, 

NO3
-
 ⇄ NO3

-
,ads                                                                    

NO3
-
, ads +2H+ + 2e- → NO2

-
,ads + H2O                                   

NO2
-
,ads + 2H+ + e- → NO,ads + H2O                                    
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In this process, the reduction of nitrate to nitrite is considered to be the rate-determining 

step. Furthermore, the amount of the adsorbed nitrate also controls the reaction rate at 

low concentrations of nitrate. GO is also an effective catalyst for the oxidant reduction 

reaction, such as O2
66, H2O2

30,67, and HNO3
32. When GO or other nano-carbon materials 

are utilized as catalysts, intrinsic defects, edges, or heteroatoms on those materials are 

supposed to play a central role in the catalytic activity42. These regions alter the charge or 

spin distribution of π electrons, enabling those oxidants to adsorb easily and increase 

chemical reactivity. This result implies that defect sites on GO sheets work as adsorption 

sites for nitrate and they serve as the catalytic active sites. 

In the GO-assisted etching of silicon, the pre-exponential factors between silicon parts 

and GO parts were different, whereas their activation energy was within the variation in 

the measurement. These results imply that each nitrate reduction reaction path on GO 

sheets and bare silicon is not different. The difference in the etching rate is due to the 

amount of the adsorbed reactive intermediates on each surface, shown in Figure 2-6.  

 

 

Figure 2-6 A schematic illustration of GO-assisted silicon etching in HF-HNO3. 
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Fig. 2-7 3D laser microscope topographic images and cross-sectional profiles along the 

lines of a silicon substrate loaded with CGO sheets, after 4 min etching. The etchant 

concentration of [HF]:[HNO3]=29:5.3×10-3 (mol L-1). Etchant temperature at (a) 30C, 

(b) 35C, (c) 40C, (d) 45C, and (e) 50C. (f) Arrhenius plot of the etching rate under 

CGO sheets and bare areas of silicon. 
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2.5 Catalytic mechanism of GO-assisted silicon etching 

In the previous section, the catalytic mechanism of GO-assisted etching was proposed. 

Because heteroatoms do not decorate GO sheets utilized in these experiments, defects on 

GO sheets are supposed to work as active sites towards nitrate reduction. The relationship 

between the catalytic ability and the number of defects on GO sheets was demonstrated 

to prove this hypothesis. Then, two types of GO with different defects density are utilized 

as the catalyst for the silicon etching reaction. 

Figure 2-8 shows the chemical and structural analysis of both GO. To simplify the 

effects of their sheet size, CGO was fractured by sonication for 2 hours so that it had a 

similar size as EGO. Typical AFM topographic images of the silicon sample coated with 

crushed CGO and EGO before etching are shown in Figures 2-8(a) and (b). The sizes of 

both GO sheets were approximately 5 µm and they had a thickness of about 1 nm, 

indicating monolayer sheets. Chemical and structural analyses were conducted by XPS 

and µRS. Figures 2-8(c) and (d) show the XPS spectra for both types of GO, from which 

it was ascertained that the main oxygen functional group on CGO was epoxide, while 

hydroxyl was the main group on EGO. Figures 2-8(e) and (f) show Raman spectra of both 

types of GO. Two peaks were focused: D peak at around 1300 cm-1 and G peak at around 

1600 cm-1. D peak derives from the breathing mode of six-atom rings, which is affected 

by defects in the graphitic structure. G peak derives from the graphitic lattice. Comparing 

the spectra of both types of GO, there are slight differences in both spectra. D peak of 

EGO is sharper than that of CGO, and the G peak position of EGO is red-shifted compared 

with that of CGO, which was reported in a previous paper68. Generally, when the defects 

in a GO sheet are repaired, all of the peaks become sharp, G peak increases, and D peak 

decreases. However, it was reported that the intensity of the D peak decreases when the 

defect density of GO increases and the distance between defects decreases to less than 5 
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nm68. These results suggest that EGO sheets have a more ordered structure than CGO 

sheets. Further analyses of both GO sheets and their electrical conductivity is discussed 

in the Appendix. 

 

Figure 2-8 Comparison of chemical and structural characteristics of both types of GO 

sheet. AFM topography and line profiles along lines of (a) CGO and (b) EGO, XPS C1s 

spectra of (c) CGO and (d) EGO, and Raman spectra of (e) CGO and (f) EGO.  
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Figure 2-9 shows 3D laser microscope topographic images and cross-sectional SEM 

images of the silicon loaded with crushed CGO and EGO, respectively. Both the samples 

were etched for 16 min. First, holes in the shape of crushed CGO sheets were formed on 

the substrate after etching and these depths were around 400 nm (Figure 2-9(a)). This 

etching rate was the same as a result of not-crushed GO, suggesting that the mass transport 

of the reactants or products is enough so that the sheet size has little influence on the 

etching rate. It was reported that a lot of pores with a size of 5 nm2 were formed on CGO 

sheets in the synthesis process55. Thus, it would be possible that the reactants or products 

are transferred from the side of the sheets and these pores, and their diffusion does not 

restrict the etching rate. Next, the etching rate of EGO was slower than that of CGO, as 

shown in Figures 2-9(a) and (b), which illustrates that the catalytic activity of EGO is 

inferior to that of CGO. In general, EGO has fewer defects than CGO because EGO is 

synthesized by a moderate graphite oxidation process44. Strong oxidant such as KMnO4 

and nitric acid is utilized to oxidize the graphite in the synthesis process of GO which is 

known as Hummers’ method. On the other hand, EGO is synthesized by graphite 

anodization without a strong oxidant, which causes less damage to the graphitic structure 

of EGO sheets. Combining the etching results and the structural analyses of both GO, 

defects on GO sheets play an essential role in enhancing the etching reaction.  

In the nitrate reduction process, the adsorbed nitrate on a specific surface is one of the 

most critical factors for the reaction rate64. The relationship between the adsorption 

energy of reactants and their catalytic activity on various types of alloy materials was 

reported. The more the adsorption energy of nitrate ions on a certain alloy surface is, the 

more active the alloy material is69,70. Furthermore, several researchers reported the 

catalytic activities of nano-carbon materials towards various types of oxidant reduction 

reactions in terms of both experiments and calculation and pointed out that it is more 
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stable for the reactants to be adsorbed on the inhomogeneous parts, such as defects, 

heteroatoms, or edge parts, than on the homogeneous part32,71. At this time, the main 

inhomogeneous parts on GO were its defects. In GO-assisted etching, structural defects 

on GO can work as the central sites of nitrate reduction, enhancing the etching reaction, 

shown in Figure 2-10. 

 

Fig. 2-9 3D laser microscope topographic images, cross-sectional profiles along lines, 

and cross-sectional SEM images of silicon substrate loaded with two types of GO sheets 

after 16 minute etching. The deposited GO sheets were synthesized by (a) modified 

Hummers’ method (CGO) and (b) electrochemical exfoliation (EGO).  
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Figure 2-10 A schematic illustration of GO-assisted silicon etching in HF-HNO3 solution. 
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2.6 Conclusion 

In this chapter, the selective etching process of silicon substrates was conducted by 

applying GO sheets as a catalyst for the silicon wet etching reaction. GO enhances the 

silicon etching reaction, especially the oxidant reduction reaction, in an optimized 

solution, and the etching rate under GO was faster in HF-HNO3 than that in HF-H2O2. 

Furthermore, kinetic analyses were performed for a deeper understanding of this process. 

By measuring the temperature dependence of the etching rate, the activation energies of 

the etching reaction on both the silicon surface and under the GO sheets were calculated 

and were found to be almost the same, although their pre-exponential factors were 

different. From this difference, the mechanism of GO-assisted etching was determined. 

GO sheets function as adsorption sites for the nitrate, thereby increasing the reaction 

frequency relative to the bare silicon areas. 

Furthermore, the origin of the catalytic activity of GO was ascertained by applying two 

types of GO with different defect densities. GO sheets with more defects were shown to 

have higher catalytic activities for the etching reaction, suggesting that the reactants are 

more likely to be adsorbed on the defects of GO sheets. This discovery may be helpful 

for catalytic research of other nano-carbon materials.  
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Chapter 3 Vapor phase chemical etching of silicon 

assisted by graphene oxide 

 

3.1 Introduction 

In the previous section, it was revealed that GO enhances the silicon etching reaction 

in the liquid phase and the etching rate was improved by utilizing the optimized etching 

solution. However, two obstacles appeared for the practical application of GO-assisted 

silicon etching in the solution process shown in Figure 3-1. 

1. The pealing of GO sheets due to the produced gases during the etching process. 

2. Porous structure formation on the surface of silicon. 

To resolve the obstacles of assisted etching in the solution process, Hildreth developed a 

novel assisted etching process with a vapor phase to overcome the premise of the 

utilization of an etching solution72. In vapor phase etching, any gaseous products are 

rapidly removed from the silicon surface and bubbles do not form between catalysts and 

the silicon surface during the etching process, thereby preventing the peeling of catalysts. 

Furthermore, vapor phase etching did not generate a porous layer; however, the 

underlying mechanism remains unclear. 

In this section, the chemical etching of silicon assisted by GO sheets with a vapor phase 

process was demonstrated. To the best of my knowledge, one research group applied 

carbon materials to the assisted etching of silicon in a vapor phase23. Although their 

findings proved that carbon particles enhanced the etching reaction, the etching direction 

was not strictly controlled, and carbon particles etched the silicon in random directions. 

This may have been due to the applied graphite particles being in contact with the silicon 

surface in a multi-plane and etching proceeding in all contact directions. This behavior is 

sometimes observed in the Mac Etch process73. GO was proposed as a solution to the 
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issue of random etching directions. GO is a two-dimensional material with a thickness of 

~ 1 nm, and GO sheets are in contact with silicon in one direction when they are loaded 

on the silicon surface, which results in a vertical etching direction of GO-assisted etching. 

Moreover, the control of etching areas with a combination of GO micro-contact 

printing (µCP) was attempted74,75. µCP is a bottom-up method to build ordered structures 

with a micro-nano scale76. In the µCP process, after precursors are attached to the polymer 

substrate with a minute relief, referred to as a ‘stamp’, the ‘stamp’ is pressed to the 

substrate to transfer the precursors. µCP is suitable for the rapid fabrication of uniform 

minute structures on a large scale. By combining the µCP of GO with silicon etching in 

a vapor phase, the formation of µm-sized pores in the desired areas was attempted. 

 

Figure 3-1 (a) A surface topography, (b) a cross-sectional image, and (c) a schematic 

illustration of silicon after GO-assisted etching in the solution process.  

 

3.2 Experimental procedure 

3.2.1 Vapor phase GO-assisted silicon etching 

GO was synthesized using a modified Hummers’ method described in the previous 

section43. To confirm whether GO enhanced the etching reaction in the vapor phase, the 

silicon substrate on which GO sheets were randomly loaded was prepared as the etching 

sample. A single-side polished p-type silicon ((100), 1–10 Ω cm, boron-doped, 

Electronics and Materials Corp.) substrate was cleaned by sonication in acetone, ethanol, 
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and ultrapure water in succession. The substrate was then subjected to a treatment with a 

Xe excimer lamp (wavelength: 172 nm, 10 mW cm-2, Ushio Inc.) to remove organic 

contamination. GO sheets were then loaded on the substrate by spin-coating GO 

dispersion in water (500 rpm for 15 s and 2000 rpm for 150 s). Figure 3-2 shows a 

schematic illustration of the vapor phase GO-assisted etching of silicon. The GO-loaded 

silicon substrate and a PFA beaker with an etching solution were sealed in a large PFA 

container. The container was heated in an electric furnace so that the etching solution 

became a vapor source for etching substrates at the desired temperature. The etching 

solution was a mixture of HF (50 wt%, for the semiconductor industry, Morita Chemical 

Industry Corp.) and H2O2 (30 wt%, analytical grade, Fuji Film Wako Pure Chemical 

Corp.) or HNO3 (70 wt%, for the electrical industry, Fuji Film Wako Pure Chemical 

Corp.) and its volume was 5 mL. The surface structure of the sample obtained was 

observed by 3D laser microscopy and SEM. The chemical condition of the sample was 

analyzed by XPS. Detailed information on these apparatuses is described in the previous 

section. 

 

Figure 3-2 A schematic illustration of the vapor phase GO-assisted etching of silicon. 

   

3.2.2 Micro-contact printing of GO 

Circle-patterned GO was transferred onto a silicon substrate by µCP (Figure 3-3(a)-

(c)), which was partially based on previous studies77,78. In this method, patterned convex 

silica was formed on a smooth polymer substrate, which was used as the ‘stamp’. A 
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cycloolefin polymer (COP) substrate (ZF16-188, ZeonorFilm, Zeon Corp.) was cut into 

2×2 cm2 as a stamp substrate. The COP substrate was then irradiated with a Xe excimer 

lamp for 10 min in 103 Pa dry air via a circle-patterned photomask to form patterned circle 

hydrophilic areas with a diameter of 5 µm. The irradiated COP substrate was then sealed 

in the PFA container with a mixture of 10 mL ethanol (99.5%, Nacalai Tesque) and 5 mL 

2,4,6,8-tetramethylcyclotetrasiloxane (TMCTS, 99%, Alfa Aesar) and heated at 80℃ for 

24 hours. TMCTS molecules were only deposited on the hydrophilic areas of the COP 

substrate. The COP substrate was then irradiated with a Xe excimer lamp for 50 minutes 

under 103 Pa to change the deposited TMCTS into silica (SiOx) and etch the non-covered 

areas to form convex structures. This stamp was then loaded with GO with a sheet size of 

ca. 500 nm by spin-coating GO dispersion. GO loaded on the COP stamp was pushed 

against a cleaned silicon substrate with a load of 400 N for 1 hour to transfer the GO 

circle pattern on the silicon substrate. The silicon substrate was exposed to the vapor 

etchant as described in the previous section. The surface structure of the sample was 

observed by SEM and AFM and its chemical condition was analyzed by XPS and µRS. 

 

Figure 3-3 (a)-(c) A schematic illustration of µCP. (d),(e) Chemical structures of (d) COP 

and (e) TMCTS.  
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3.3 Etching behavior with various types of etching compositions 

Figure 3-4 shows surface and cross-sectional SEM images of silicon substrates loaded 

with GO after vapor phase etching for 2 hours with various compositions of etching 

solutions as the vapor source. In vapor phase etching, the temperature of the etching 

solution was kept at 50℃. In each etchant composition, GO sheet-like pores formed on 

the silicon substrate, which indicated that GO enhanced the etching reaction in the vapor 

phase. Although the silicon under GO sheets was etched deeper with higher oxidant 

concentration conditions, the surface is also rougher in higher oxidant concentrations. 

When the silicon substrate was exposed to HF-rich HF-HNO3 vapor (Figure 3-4(a)), a 

nanoscale porous structural layer formed around GO sheets. In addition, such a porous 

structure also formed on all of the areas not covered with GO in the case of HNO3-rich 

HF-HNO3 vapor (Figure 3-4(b)) or H2O2-rich HF-H2O2 vapor (Figure 3-4(d)). The 

formation of these porous structures was not suitable for silicon processing. On the other 

hand, as shown in Figure 3-4(c), a smooth morphology was obtained both inside and 

outside of the GO-covered region, indicating that an obvious porous structure was not 

formed after vapor phase etching in the HF-rich HF-H2O2 system. Figure 3-5 shows 

surface topographic images of samples after vapor phase etching with each etchant 

composition. When the GO-loaded silicon substrate was exposed to vapor from an HF 

solution (Figure 3-5(a)), GO-covered areas were etched deeper than non-covered areas. 

However, the etching rate was slower than etched samples with a mixture of HF and 

oxidants. Furthermore, etching results with other etchant concentrations were shown in 

Figures 3-5(b)-(e), which resulted in non-uniform etching or the roughening of GO areas 

or substrate areas. 
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Figure 3-4 Cross-section and surface SEM images of GO-coated silicon substrates after 

vapor phase etching at 50℃ for 2 hours. The molar concentrations of etching solutions 

were (a) [HF]:[HNO3]=29:5.0×10-3, (b) [HF]:[HNO3]=0.10:10, (c) [HF]:[H2O2]=29:0.20, 

and (d) [HF]:[H2O2]=3.0:9.0 (mol L-1). 
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Figure 3-5 3D laser microscope topographic images and cross-sectional profiles along 

lines of silicon substrates loaded with GO sheets after vapor phase etching at 50°C for 1 

hour. The molar concentration of the etching solutions were (a) [HF]=29, (b) 

[HF]:[H2O2]=26:1.0, (c) [HF]:[H2O2]=0.60:2.0, (d) [HF]:[HNO3]=2.6:1.6, and (e) 

[HF]:[HNO3]=0.29:12 (mol L-1). 

 

The composition of the etching solution in GO-assisted silicon etching in the vapor 

phase was optimized and it was revealed that the HF-rich HF-H2O2 solution was suitable 

for the micro-nano processing of silicon. Then, the relationship between the etching depth 

and etching time was evaluated to confirm the deterioration of GO sheets during the 
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etching process. Figure 3-6 shows surface topographic images of samples after vapor 

phase etching for each etching time. The etching depth under each GO sheet is sometimes 

a little different which may be due to the size difference of each GO sheet described later. 

The error bar contains the etching results of GO with a sheet size larger than 5 µm. The 

etching depth was approximately proportional to the etching time (ca. 60 nm h-1) until 16 

hours of etching. This result indicates that GO sheets did not deteriorate in the etching 

reaction timescale. The chemical conditions of GO sheets before and after etching were 

also analyzed by XPS, as shown in Figure 3-7. Oxygen moieties on GO sheets were 

removed at the beginning of the etching process. This behavior was consistent with the 

findings described in the previous chapter79,80, and indicates that a strong oxidant, H2O2 

or HNO3, in the vapor etchant did not oxidize GO sheets, but was consumed in the etching 

reaction. 

It was confirmed that the etching depth under each GO sheet was sometimes a little 

different. Therefore, the relation between GO size and etching depth was confirmed, as 

shown in Figure 3-8. The etching condition was 50℃ for 2 hours with the etching solution 

of [HF]:[H2O2]=29:0.20. It was confirmed that smaller GO sheets enhance the etching 

reaction more. Small GO sheets have an advantage in terms of both the increase of edge 

areas which is well-known as catalytical active sites and the mass transport of reactants 

and byproducts, which results in a high etching rate. This result agrees with the previous 

report of GO-assisted Ge etching by Hirano29. 
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Figure 3-6 3D laser microscope topographic images and cross-sectional profiles along 

lines of GO-loaded silicon substrates after vapor phase etching at 50℃ for (a) 2 hours, 

(b) 4 hours, (c) 8 hours, and (d) 16 hours. The molar concentration of the etching solution 

was [HF]:[H2O2]=29:0.20 (mol L-1). (e) The relation between etching depth and etching 

time. 
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Figure 3-7 XPS C 1s spectra of the GO-loaded silicon substrate (a) before and (b) after 

vapor phase etching at 50℃ for 1 hour with the mixture of HF and H2O2. The molar 

concentration of the etching solution was [HF]:[H2O2]=29:0.20 (mol L-1). 

 

Figure 3-8 The relation between GO sheet size and etching depth in vapor phase etching. 

The etching condition was 50℃ for 2 hours, and the molar concentration of the etching 

solution was [HF]:[H2O2]=29:0.20 (mol L-1).  
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3.4 The mechanism of vapor phase etching of silicon assisted by 

GO 

To clarify the mechanism underlying the formation of the porous structure, the surface 

condition of silicon after vapor phase etching was analyzed by XPS. Figure 3-9 shows 

the XPS Si 2p spectra of samples after vapor phase etching with each etchant composition. 

When the concentration of the oxidant was low, only one peak at approximately 99.8 eV 

derived from Si-Si was observed as shown in Figures 3-9 (b) and (d). On the other hand, 

when the concentration of the oxidant was high, a peak at approximately 103.5~103.9 eV 

derived from Si-O was confirmed81,82, indicating that a larger oxide layer formed on the 

silicon surface within the XPS sampling depth. These surface conditions after etching 

samples play an important role in the formation of a porous structure on bare silicon areas. 

  Previous studies reported the vapor phase etching of silicon assisted by metal or carbon 

materials; however, the underlying mechanisms remain unclear23,72,83. Kim et al. reported 

titanium nitride-assisted silicon etching in a vapor phase and discussed the mechanism 

responsible for changing the experimental conditions83. When the silicon substrate was 

heated to the etchant temperature during the vapor phase etching process, the etching 

reaction proceeded without the formation of a condensed water layer on the substrate. 

The experimental conditions in this chapter were similar to those used by Kim. However, 

a previous study reported the presence of an adsorbed water layer, the thickness of which 

depended on the relative humidity, on the silicon substrate84. In the etching system, the 

aqueous solution composed of HF and oxidants was heated with the silicon substrate in a 

shielded container, and, thus, relative humidity in the container during vapor phase 

etching was expected to be high. This implies that the adsorbed water layer forms on the 

silicon substrate in the etching process, and reactants or products will diffuse through the 

adsorbed water layer.  
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Figure 3-9 XPS Si 2p spectra of the Si substrate (a) before and (b)-(e) after vapor phase 

etching at 50℃ for 2 hours with each etching solution. The molar concentrations of 

etching solutions were (b) [HF]:[HNO3]=29:5.0×10-3, (c) [HF]:[HNO3]=0.10:10, (d) 

[HF]:[H2O2]=29:0.20, and (e) [HF]:[H2O2]=3.0:9.0 (mol L-1). 
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  Etching reaction equations in the vapor phase etching of silicon are described as 

follows85–87: 

Si oxidation 

Si + 4HF → SiF4 + 4H+ + 4e-  

or 

Si + 2H2O → SiO2 + 4H++ 4e- 

SiO2 + 4HF → SiF4 + 2H2O 

Oxidant reduction 

HNO3 + 3H+ + 3e- → NO + 2H2O  

H2O2 + 2H+ + 2e- → 2H2O 

In most cases of the assisted etching of silicon, catalysts promote the oxidant reduction 

reaction. In the case of GO-assisted silicon etching, GO also enhances oxidant reduction 

reactions because it has been shown to function as a catalyst for the reduction of H2O2 

and HNO3
30,32. When GO works as a catalyst for those oxidant reduction reactions, the 

location of the catalytical active sites is often discussed. Inherent edges, defects, and 

heteroatoms (such as nitrogen and sulfur) on GO sheets function as active sites because 

these parts alter the local density of π-electrons42. In the previous section, the relationship 

between GO structures and the etching rate was discussed and it was proved that defects 

on GO contributed to its catalytic property in liquid phase etching80. 

The surface chemical condition of silicon after vapor phase etching depends on the 

composition of the etching solution prepared; however, GO-covered areas were etched 

faster than non-covered areas under all conditions in my experiments. With a high oxidant 

concentration etchant, a silicon oxide layer formed on the silicon surface. In this case, 

positive holes produced by the oxidant reduction were scattered into silicon to such an 

extent that the surface was heterogeneously oxidized, which resulted in undesirable 
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etching and roughening on the bare silicon surface88. On the other hand, the silicon oxide 

layer was not detected when the HF concentration was high in the prepared etching 

solution. These results indicate that oxidant reduction is the rate-determining step and the 

non-uniform oxide layer did not form on bare silicon areas.  

In contrast, an obvious porous structure was not formed after vapor phase etching with 

HF-rich HF-H2O2 etching solution. Some papers about Mac Etch process suggest the 

mechanism of porous structure formation20,48,83,89–91. When the assisted-etching reaction 

is limited by mass transport, unconsumed charges produced by the oxidant reduction 

reaction diffuse through the interface between catalyst and silicon to the inside of the 

silicon, and the charges are consumed to oxidize silicon where catalysts are not covered, 

which results in porous structure formation. In my experiment with the etching solution 

of HF-rich HF-H2O2, not mass transport but charge production by the oxidant reduction 

is the rate-determining step, and surplus holes are not scattered into silicon, which results 

in preventing porous structure formation. However, a porous structure formed on silicon 

around the pores formed by GO-assisted etching with an HF-rich HF-HNO3 solution, as 

shown in Figure 3-4(a). If all of the holes produced by the HNO3 reduction reaction are 

not consumed at silicon under GO sheets, excess positive holes scatter to silicon around 

GO sheets. Scattered holes are utilized for silicon oxidation and the formation of the 

porous structure. Another reason for porous structure formation is due to the stain etching 

by HF-HNO3. The stain etching by HF-HNO3 is explained by the increase of 

intermediates concentration in the concave. However, the porous structure only formed 

around GO sheets. Porous structure formation needs a silicon dissolution reaction and the 

dissolution consumes positive holes. Considering these discussions, porous structure 

formation with HF-HNO3 etching solution occurs by combining the stain etching of HF-

HNO3 and the excessive positive hole scattering. 
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In the HF-H2O2 system, the GO-assisted silicon etching rate in the vapor phase (60 nm 

h-1) is larger than that in the solution process (1 nm h-1)79, and deeper etching at the edges 

of GO sheets than at the center was seen in the solution process. This behavior suggests 

that the GO-assisted etching reaction in the HF-H2O2 solution is limited by the diffusion 

of the products to some extent. The vapor phase is more advantageous than the liquid 

phase in terms of mass transport, which results in a higher etching rate than that with the 

solution process83. A number of hypotheses have been proposed for why the vapor phase 

is more advantageous than the liquid phase in terms of mass transport; however, it remains 

unclear. The etch rate decreases in the HF-HNO3 system when the vapor phase is utilized. 

In the HF-HNO3 system, the etching rate is controlled by the intermediate reactant of 

HNO2 or NO+ 64. The concentration of intermediates on the silicon surface may be lower 

in the vapor phase than in the liquid phase because the vapor phase has an advantage over 

the liquid phase in terms of the mass transport of gaseous molecules. This decrease in the 

concentration of intermediates on the silicon surface results in the restriction of the 

etching rate in the vapor phase. 

 In both the oxidants, silicon under GO was etched faster than the not-covered area 

with the oxidant-rich etchants. This phenomenon can not be explained by the mechanism 

of catalyst-assisted etching because the oxidant reduction reaction is not the rate-

determining step. Fan et al. reported site-selective etching of SiO2 under 2D material of 

graphene and MoS2 by exposing HF vapor92,93. SiO2 etching reaction produces water, and 

other papers reported that the SiO2 etching reaction by the vapor is accelerated by the 

adsorbed water layer94,95. Fan concluded that produced water can not diffuse away easily 

under the 2D materials, and the SiO2 etching was accelerated only under the 2D materials. 

Figure 3-10 shows a GO-loaded 300 nm SiO2/Si substrate after exposure to HF vapor at 

40℃ for 1 minute. It was confirmed that the SiO2 vapor etching reaction was enhanced 
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under GO, indicating that the phenomenon reported by Fan et al. occurs in the case of 

GO. The possible mechanism of vapor phase GO-assisted silicon etching with the 

oxidant-rich etchants can be explained as follows; the silicon surface was covered by SiO2 

because the silicon oxidation reaction was faster than the SiO2 etching reaction. Then, 

SiO2 etching can be accelerated only under GO due to the disadvantage of water diffusion, 

which resulted in the formation of the hollow with the shape of GO sheets even in the 

vapor etching with the oxidant-rich etchants.  

 

Figure 3-10 An AFM topographic image, a cross-sectional profile, and a schematic 

illustration of GO-loaded SiO2/Si substrate after vapor phase etching at 40℃ for 1 min. 

The molar concentration of the etchant was [HF]=23 (mol L-1).  
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Reaction kinetics are generally controlled by the Arrhenius equation when the reaction 

is not limited by the diffusion of products or reactants63. In the Arrhenius equation, the 

reaction rate increases with elevations in the reaction temperature until the reaction rate 

is limited by mass transport. To obtain a more detailed understanding of GO-assisted 

silicon etching in the vapor phase, the temperature dependency of the etching rate was 

examined. Figure 3-11 shows topographic images of silicon substrates after GO-assisted 

etching in the vapor phase at each temperature for 2 hours. Considering the sheet size 

effect on the etching rate, the etching rate of GO sheets with a size larger than 10 µm2 

was evaluated. With elevations in the etching temperature to 60℃, increases were 

observed in the etching rate (ca. 80 nm h-1). However, the etching rate was saturated as 

the etching temperature increased to 60 or 70℃. This behavior suggests that the rate-

determining step changed at approximately 60℃. An elevation in the etching temperature 

increased the partial pressure of HF and oxidants or the reaction rate. These changes may 

contribute to an increased etching rate. However, the etching rate was saturated even 

when the etching temperature was increased to higher than 60℃. This implies that the 

reaction rate at an etching temperature higher than 60℃ was so fast that the diffusion of 

products or reactants restricted the etching rate. The XPS Si 2p spectra shown in Figure 

3-9(d) confirmed that silicon oxide layers did not form on the sample after vapor phase 

etching in this system, which implies an insufficient supply of H2O2 or the inadequate 

diffusion of SiF4.  

A marked increase in the etching rate was not confirmed and the etching behavior of 

GO-covered areas was not uniform at a higher concentration of H2O2 (shown in Figure 

3-5). This means that the amounts of oxidants supplied did not markedly affect the etching 

rate of GO-covered areas, but significantly contributed to the roughening of both bare 

silicon areas and GO-covered areas.  
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Figure 3-11 3D laser microscope topographic images and cross-sectional profiles along 

lines of silicon substrates loaded with GO sheets after vapor phase etching for 2 hours. 

The temperatures of the etching solutions were (a) 30℃, (b) 40℃, (c) 60℃, and (d) 70℃. 

The molar concentration of the etching solution was [HF]:[H2O2]=29:0.20 (mol L-1). (e) 

The relation between the etchant temperature and the etching rate.  
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3.5 Pattern etching of silicon assisted by patterned GO by 

combining µCP 

The vapor phase GO-assisted etching of silicon and optimized etching conditions 

were demonstrated in the previous section. Then, the pattern etching of silicon 

combining vapor phase etching with the µCP of GO sheets was conducted. Figures 3-12 

(a) and (b) show AFM topographic images of the COP stamp before and after a load of 

GO through spin-coating. The circle convex parts with a height of ca.140 nm were 

formed on the COP surface, and obvious roughening of the convex surface was not 

observed after a load of GO. This implies that GO sheets were loaded on the COP stamp 

without aggregation.  

Figure 3-12(c) shows an AFM topographic image of the silicon substrate after 

stamping. There were circle patterns with a thickness of 4 nm on the substrate. Figure 3-

12(d) shows the Raman spectra obtained inside and outside of the circle patterns on the 

silicon substrate. One sharp peak at approximately 520 cm-1 and a broad band at 

approximately 950 cm-1 derived from silicon were observed outside circle patterns96. In 

contrast, two additional peaks at approximately 1300 and 1600 cm-1 were observed 

inside circle patterns. These peaks originated from the GO structure, which indicated 

that the transferred circle patterns included GO sheets97. These transferred circle 

patterns were thicker than monolayer GO sheets because the silica convex of the stamp 

may be stuck on GO sheets or multi-layer GO sheets were transferred on the silicon 

substrate.  

Figures 3-13(a) and (c) show schematic illustrations of the COP stamp and its 

pressing process. The COP substrate was etched with Xe excimer lamp irradiation98. 

The synthesized COP stamp had protrusions that were composed of a SiOx layer and 

bulk COP77. After the GO-loaded COP stamp was pressed onto a silicon substrate, circle 
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patterns with a thickness of 4 nm formed, which was thicker than monolayer GO sheets, 

as shown in Figure 3-12(c). This was due to the adhesion of a SiOx layer or multi-layer 

of GO sheets. The transfer of SiOx layer was confirmed when the COP stamp without 

GO sheets was pressed onto a silicon substrate. Figure 3-13(b) shows an AFM 

topographic image of the silicon substrate after pressing the COP stamp without GO 

sheets with a load of 400 N for 1 hour. Circle patterns with a thickness of ca. 4 nm 

formed on the silicon substrate. This result implies that when the COP stamp with GO 

sheets was pressed on the silicon substrate, GO sheets and the SiOx layer were both 

simultaneously transformed to the substrate (shown in Figure 3-13(c)). Moreover, the 

chemical conditions of the transferred structures on the silicon substrate were confirmed 

by XPS, as shown in Figure 3-13(d) and (e). A peak from a native oxide layer on the 

silicon substrate and from silica transferred from SiOx/COP stamp were not separated 

from the peak derived from Si-O of XPS Si 2p spectra, when the silicon substrate with 

the transferred structures was analyzed. In this experiment, the native oxide layer on the 

silicon substrate was removed by 5 wt% HF solution before the SiOx/COP stamp was 

pressed. The silicon substrate without the native oxide layer before stamping analyzed 

in this experiment was kept in the air for 1 hour to arrange the condition of the sample 

after stamping. A peak around 103 eV, which was derived from Si-O components, was 

confirmed on the silicon with transferred structures. This result indicates that silica can 

also be transferred by the stamping process.  
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Figure 3-12 AFM topographic images, and cross-sectional profiles along lines of (a) a 

COP stamp, (b) a COP stamp after GO sheets were loaded, and (c) a silicon substrate 

after the µCP of GO patterns. (d) Raman spectra of the stamped silicon obtained from 

inside and outside the circle pattern. 
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Figure 3-13 (a) A schematic illustration of the COP stamp. (b) An AFM topographic 

image after pressing the COP stamp without loading GO sheets. (c) Schematic 

illustrations of the COP stamp before and after pressing. (d) XPS Si 2p spectra and (e) 

focused spectra of hydrogen-terminated silicon before and after stamping for 1 hour.  
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Figures 3-14(a) and (b) show a topographic image by 3D laser microscopy and a 

cross-sectional SEM image of the silicon after pattern etching in the vapor phase at 

50℃ for 16 hours with a solution of HF-H2O2 (the molar concentration of the etching 

solution is [HF]:[H2O2]=29:0.20). The transferred areas were etched at approximately 1 

µm deeper than the outside of the circle, which indicates that GO sheets etch the desired 

silicon surface by combining µCP. The etching depth using GO loaded through µCP 

was slightly lower than that using spin-coated GO sheets. This may be because silica 

transferred along with GO sheets hinders etching at the beginning of the etching process 

or multi-layer GO sheets enhance the etching reaction less than the mono-layer GO 

sheet.  

 

Figure 3-14 (a) A 3D laser microscope topographic image, a cross-sectional profile 

along a line, and (b) SEM image of silicon substrates loaded with GO sheets after vapor 

phase etching at 50℃ for 16 hours. The molar concentration of the etching solution was 

[HF]:[H2O2]=29:0.20 (mol L-1).  
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3.6 Conclusion 

In this chapter, the catalytic performance of GO sheets towards etching reactions in 

the vapor phase was confirmed, and the µm-order processing of silicon surfaces was 

successfully performed by optimizing etching conditions without the formation of a 

porous structure, which is conventionally formed in catalyst-assisted silicon etching. In 

addition, the difference in etching behaviors between the liquid phase and vapor phase 

was discussed. The rate-determining step in the etching reaction plays an important role 

in both the etching rate on GO sheets and the roughening of bare silicon areas. The 

elucidation of the etching mechanism will provide a more detailed understanding of the 

catalyst-assisted etching of a number of semiconductor surfaces. 

Furthermore, by combining vapor phase GO-assisted silicon etching and the µCP 

process, the pattern etching of silicon was demonstrated to process the desired areas. By 

optimizing photolithography, the stamping process, or stamp materials, etching 

accuracy in the horizontal direction may be improved. 

The aspect ratio of GO-assisted etching is still very low compared with Mac Etch. To 

solve this problem, it is necessary to improve both the catalytic activities of GO and the 

accurate nanofabrication of GO. The former problem can be solved by heteroatom 

doping or structural defects engineering on GO42. The latter problem can be addressed 

by other nanofabrication methods such as a general lithographic method99, laser 

processing100, plasma etching101, etc.   
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Chapter 4 Chemical etching of InP assisted by graphene 

oxide 

 

4.1 Introduction 

In this section, GO application to the catalyst for the InP etching reaction was 

demonstrated. InP is established as an important material for optoelectronics and high-

frequency devices due to its high carrier mobility and low surface recombination velocity 

compared with other Ⅲ-Ⅴ semiconductor materials. Moreover, some researchers 

attempted to apply InP nanostructures to next-generation devices such as Fin FET102, 

high-efficiency solar cells103, etc. Recently, metal-assisted chemical etching was applied 

to the InP surface for the fabrication of its nanostructure17,18,104. However, metal catalysts 

enhance the etching reaction on the non-covered areas, not under the catalysts, and its 

mechanism is still an open question. In this report, the expansion of the application of 

GO-assisted chemical etching and a deeper comprehension of assisted etching of InP were 

attempted by investigating the relationship between the etching behaviors with different 

etchant compositions and the surface conditions of the InP surface after etching. 

 

4.2 Experimental procedure 

GO was synthesized by a modified Hummers’ method described in the previous 

section43. To confirm whether GO enhances the InP etching reaction, the InP substrate on 

which GO sheets were randomly loaded was prepared as the etching sample. Figures 4-

1(a)-(c) show schematic illustrations of the etching process. A single-side polished n-type 

InP substrate (S-doped, (100), ρ=3.5×10-3 Ω cm, MTI Corp.) was utilized as an etching 

sample. The InP substrate was washed by immersion in acetone, ethanol, and ultrapure 

water (with resistivity of 18.2 MΩ cm). The synthesized GO was randomly loaded on the 
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InP substrate by spin-coating its dispersion(500 rpm for 15 s and 2000 rpm for 150 s). 

The GO-loaded InP substrate was immersed in the etching solutions composed of sulfuric 

acid (H2SO4, 96 wt%, for electronics industry, Fuji Film Wako Pure Chemical Corp.) or 

hydrochloric acid (HCl, 35 wt%, for electronics industry, Fuji Film Wako Pure Chemical 

Corp.) as the acid and hydrogen peroxide (H2O2, 30 wt%, analytical grade, Fuji Film 

Wako Pure Chemical Corp.) or nitric acid (HNO3, 1 mol L-1, analytical grade, Fuji Film 

Wako Pure Chemical Corp.) as the oxidant at 25℃. The samples after etching were 

observed by 3D laser microscopy and analyzed by XPS. The spectra obtained were 

calibrated to the In 3d peak at 444.8 eV105, and analyzed using the Casa XPS software 

package106. 

 

Figure 4-1 Schematic images of the GO loading on an InP substrate and GO-assisted InP 

etching. 
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4.3 Etching behavior with various types of etching compositions 

Figure 4-2 shows a typical AFM topographic image of the InP sample loaded with GO 

sheets. Judging from the cross-sectional profile, the thickness of GO was around 1 nm, 

which is in good agreement with a single layer of GO. The sheet size of GO was typically 

several µm. Figures 4-3(a)-(d) show topographic images of the GO-loaded InP substrate 

after etching for 4 hours at 25℃ in each etching solution, obtained by a 3D laser 

microscope. As the etching solution, H2SO4 or HCl was utilized as an acid solution 

because it is well-known that they can dissolve InP107. As the oxidant of the etchant, 

H2O2
30 or HNO3

32 was utilized due to the catalytic ability of GO towards these oxidant 

reductions. The molar concentrations of the etching solution were (a) [H2SO4]:[H2O2]= 

17:0.90 (b) [H2SO4]:[HNO3]=19:5.0×10-3, (c) [HCl]:[H2O2]=2.2:2.0, and (d) [HCl]: 

[HNO3]=2.2:5.0×10-2 (mol L-1), respectively. Figures 4-3(a)-(c) show GO-sheet-like 

convex structures, indicating that the etching rate of the GO-covered areas was slower 

than that of the non-covered areas. That is, the GO sheets worked as masks when the 

substrate was etched by the H2SO4-containing solutions or the HCl-H2O2 solution. In 

contrast, GO-covered areas were etched deeper than non-covered areas in the HCl-HNO3 

solution, shown in Figure 4-3(d). These results indicate that GO enhances the InP etching 

reaction with the optimized HCl-containing solution.  

 

Figure 4-2 An AFM topographic image of GO sheets on an InP substrate and a cross-

sectional profile obtained along the line. 
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Figure 4-3 3D laser microscope topographic images and cross-sectional profiles along the 

lines of the InP substrates loaded with GO sheets after etching at 25°C for 4 hours. The 

molar concentration of the etching solution was (a) [H2SO4]:[HNO3]=17:0.90 (b) 

[H2SO4]:[H2O2]=19:5.0×10-3, (c) [HCl]:[H2O2]=2.2:2.0, and (d)[HCl]:[HNO3]=2.2:5.0× 

10-2 (mol L-1), respectively.   
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It may be possible that GO can be oxidized by the oxidants in the assisted-etching 

process. Therefore, the chemical condition of GO was evaluated by XPS. Figures 4-4(a) 

and (b) show XPS C1s spectra of the samples after etching in each solution. The spectra 

were deconvoluted to 6 peaks, i.e., sp2 C=C at 284.4 eV, sp3 C–C at 285.0 eV, C–OH at 

286.2 eV, C–O–C at 286.9 eV, C=O at 287.9 eV, and COOH at 289.1 eV. Peaks derived 

from oxygen functional groups decreased after the etching process, indicating that the 

oxygen functional groups on GO were removed after etching in each etching solution. 

However, the peak derived from oxygen functional groups, mainly from the epoxy group, 

remained especially in the case of samples after the immersion in the H2SO4-containing 

solution. The removal of oxygen functional groups in the etching process, that is GO 

reduction reaction, may come from a pair reaction of the InP oxidation reaction. It was 

reported that GO can be electrochemically reduced by applying negative vias. In our 

system, GO can be reduced as the pair reaction of InP oxidation. In this reduction, it is 

necessary to attach GO to the bare InP surface. In the etching process with the H2SO4-

containing solution, the InP surface was covered with the InP oxide layer and this oxide 

layer prevented attaching GO to the bare InP surface and suppressed the GO reduction 

compared with the sample after the etching in the HCl-containing solution. In this 

discussion, it is possible that the GO reduction is the origin of the GO-assisted InP etching 

because the GO reduction enhance the InP oxidation which cause the promotion of the 

InP etching reaction under GO. However, in the HCl-H2O2 solution, GO did not enhance 

the etching reaction although GO was reduced in the immersion in the HCl-H2O2 solution. 

This means that GO reduction did not contribute to the GO-assisted InP etching reaction. 

This behavior is consistent with the chapter 2 and 3, and indicates that a strong oxidant, 

H2O2 or HNO3, did not oxidize GO sheets, but was consumed in the etching reaction.  
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Figure 4-4 XPS C 1s spectra of the GO-loaded InP samples before and after etching for 

2 hours in (a) H2SO4-containing solution and (b) HCl-containing solution. The molar 

concentrations of the etching solution were the same as described in Figure 4-3. 
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For a deeper comprehension of GO-assisted InP etching, chemical conditions of the 

InP samples before and after etching were analyzed by XPS. Figures 4-5(a) and (b) show 

In 3d spectra of InP samples before and after etching in each etching solution of which 

concentration is described in the previous paragraph. The spectra were deconvoluted to 2 

peaks, i.e. InP at 444.8 eV and oxide bonding states such as InPO4, In2(SO4)3, etc. at 446.4 

eV. Roxide described in Figure 4-5 was the percentage of the area of the oxide peak. The 

peak derived from oxide bonding states newly appeared when the InP substrate was 

immersed in the H2SO4-containing solutions, indicating the InP oxide layer formation108. 

Moreover, these peaks from the GO-loaded InP were larger than those of the substrate 

without GO sheets although the spectra of GO-loaded samples included the information 

of the uncoated portion.. This result means that a thicker oxide layer formed under the 

GO sheets than on non-covered areas. On the contrary, the peaks derived from the oxide 

layer were not confirmed from the InP substrate after etching in HCl-containing solutions, 

as shown in Figure 4-5(b).  

Reaction equations of InP etching in the acids and the oxidants are described as follows, 

Oxidant reduction 

HNO3 + 3H+ + 3e- → NO + 2H2O  

H2O2 + 2H+ + 2e- → 2H2O 

InP oxidation109 

InP + 4H2O → InPO4 + 8H+ + 8e-  

or 

InP + 12H2O → In(PO3) 3 + In2O3 + 24H+ + 24e- 

InP oxide dissolution by the acids 

2InPO4 + 3H2SO4 → In2(SO4)3 + H3PO4 

InPO4 + 3HCl → InCl3 + H3PO4 
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The oxidation of InP was explained by two reaction paths. In the GO-assisted InP etching, 

the exact oxidation reaction path can not be decided only from the XPS In 3d spectra. The 

difference in the surface conditions after etching can be explained by the stability of the 

byproducts formed on the InP surface during the etching process. It was reported that 

In2(SO4)3 can form on the InP surface during the etching process with the H2SO4-

containing solution110, and the In2(SO4)3 can be stable in the etching solution utilized in 

these experiments. XPS P 2p and S 2p spectra of the InP samples after etching in the 

H2SO4-containing solutions were analyzed and most of the InP oxide on the surface 

derived from In2(SO4)3, not from InPO4, shown in Figure 4-6. However, the In2(SO4)3 

itself is generally soluble in water. In the etching result of the H2SO4-containing solution 

at Figure 4-3, the H2SO4 concentration was very high, and there was little water in the 

etchant. Therefore, there was not enough water to dissolve In2(SO4)3, which resulted in 

the remaining In2(SO4)3 on the InP surface. Another possibility of In2(SO4)3 insolubility 

is due to the high viscosity of the H2SO4-containing solution. The area under GO is 

disadvantageous in terms of mass transport, and the higher ion concentrations such as In3+ 

or SO4
2- under GO than that on the bare InP should decrease the In2(SO4)3 dissolution rate 

under GO. There was a smaller peak derived from In2(SO4)3 on the InP surface after 

etching with diluted H2SO4, shown in Figure 4-6, indicating that In2(SO4)3 dissolved 

slower in the H2SO4-containing solution with a higher concentration of H2SO4. Figure 4-

7 shows the GO-loaded InP substrate after 4 hour etching in the H2SO4-containing 

solution with a low H2SO4 concentration. In this case, the height of areas covered with 

mono-layer GO was about 10 nm, which is smaller than Figure 4-3(a) and (b) of ca. 100 

nm with etching solution containing 17 M H2SO4. GO can work as mask at both H2SO4 

concentration in the etching solution, but the obtained height is lower at diluted H2SO4. 

Therefore, the InP etching reaction under GO was restricted less in the diluted H2SO4 
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etchant. From these results, the reaction rate of In2(SO4)3 dissolution in the H2SO4-

containing solution affected the etching behavior. In the case of the HCl-containing 

solutions, on the other hand, InCl3 forms on the surface, and the InCl3 can be soluble in 

the acidic solution111. From these results, the stability or the dissolution rate of these 

intermediate formed on the InP surface during the etching process plays an important role 

on the behavior of GO-assisted InP etching. 

 

Figure 4-5 XPS In 3d spectra of the InP samples before and after etching for 2 hours in 

(a) H2SO4-containing solution and (b) HCl-containing solution. The molar concentration 

of the etching solution were the same as described in Figure 4-3. 
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Figure 4-6 XPS P 2p and S 2p spectra of the InP samples before and after etching for 2 

hours in H2SO4-containing solution. The molar concentration of the etching solution were 

described in this figure or the same as described in Figure 4-3.  

 

Figure 4-7 A 3D laser microscope topographic image and a cross-sectional profile along 

the line of the InP substrate loaded with GO sheets after etching at 25°C for 4 hours. The 

molar concentration of the etching solution was [H2SO4]:[HNO3]=1.6:1.0 (mol L-1) 
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  To the best of my knowledge, two research groups reported metal-assisted chemical 

etching of InP. Asoh et al. reported the chemical etching of InP assisted by Au, Pd, and Pt 

in H2SO4-H2O2 solutions and the effect of ultraviolet (UV) light irradiation during the 

etching process17. Although a shallow groove formed around the loaded metal without 

UV irradiation, all of the non-covered areas were etched and its etching rate was 

drastically accelerated with UV irradiation. They suggested that the noble metal catalyst 

acted as an active center of an electron collector and prevented the recombination of 

electron-hole pairs created by UV irradiation. In such a condition, the ample holes were 

able to be consumed by InP oxidation before recombination, which accelerated the InP 

dissolution in the non-covered areas. Kim et al. reported Pt or Au-assisted InP etching in 

H2SO4-H2O2 solutions without UV light irradiation and the XPS surface analysis of the 

sample after the etching process18. They reported that the etching reaction was enhanced 

only on the non-covered areas, and the inhibition of the etching under the metal catalyst 

depended on the formation of insoluble oxide at the metal catalyst/InP interface. 

Furthermore, side etching which was derived from the crystal orientation-dependent 

anisotropic etching occurred under metal catalysts. They achieved the InP nanofin array 

formation by utilizing this side etching and by optimizing the etching time precisely. 

Combining the GO-assisted etching behaviors and the surface analyses by XPS, a 

possible mechanism of GO-assisted InP etching in each etchant composition is suggested, 

shown in Figure 4-8. InP etching reaction with a mixture of an acid and an oxidant is 

often explained by oxidant reduction and oxidation/dissolution of InP. In the H2SO4-

containing solution, the oxide layer remained on the sample after etching, indicating that 

the InP oxide dissolution was the rate-determining step. GO-covered areas generally have 

a disadvantage in terms of the diffusion of InP oxide compared with non-covered areas 

and GO worked as a mask in the etching process with the H2SO4-containing solutions. 
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This behavior was also seen in the previous report of GO-assisted silicon etching with 

HNO3-rich HF-HNO3 solution since dissolution or diffusion of byproducts was the rate-

determining step80. The formation of the thicker InP oxide layer under GO sheets 

indicated by the XPS analyses also supports the disadvantage of the oxide dissolution 

under GO sheets. In contrast, the oxide layer was not confirmed when the InP substrates 

were etched by HCl-HNO3 solution. This suggests that the oxidant reduction reaction is 

the rate-determining step in the etching process with the HCl-containing solution. It was 

reported that GO works as a catalyst for HNO3 reduction reaction32. Because GO 

enhances the rate-determining step reaction of HNO3 reduction, InP oxidation and 

dissolution which occurs simultaneously with HNO3 reduction is enhanced under the GO-

covered area. On the other hand, GO worked as a mask in the etching with the HCl-H2O2 

solution even though the oxide layer formation was not confirmed from the sample after 

etching. This may be due to the difference in the catalytic ability of GO towards the 

oxidant reduction. In the previous chapter, GO-assisted silicon etching in the mixture of 

HF and oxidants was discussed, and HF-HNO3 solution dissolved silicon beneath GO 

sheets faster than HF-H2O2 solution which may be due to the catalytic activity towards 

the oxidant reductions79,80. The result of GO-assisted InP etching in this chapter supports 

this hypothesis that the catalytic activity of GO determines the etching rate under GO 

sheets and the etching rate was slower under GO sheets than that in the non-covered areas 

in the case of HCl-H2O2 solution. Because GO had lower catalytic activity for H2O2 than 

for HNO3 reduction, InP etching reaction under the GO sheets was not enhanced in the 

HCl-H2O2 solution significantly, indicating that the disadvantage of byproducts diffusion 

affects more than GO enhancement of the etching reaction under GO sheets. Further study 

about the catalytic activity of GO towards oxidant reductions may help further 

comprehension of the catalytic mechanism of GO-assisted chemical etching of 



 69 

semiconductor materials. Note that oval etch pits with the size of several µm were seen 

on the InP surface after etching in HCl-containing solutions, shown in Figures 4-3(c) and 

(d). The etch pits were oriented parallel to one direction. This is due to the non-uniform 

etching on the surface dislocation112. It was reported that the surface roughening during 

the etching process can be restricted by lowering the HCl concentration. 
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Figure 4-8 Schematic illustrations of GO-assisted InP etching in (a) H2SO4-containing 

solution, (b) HCl-HNO3 solution, and (c) HCl-H2O2 solution.  
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4.4 Conclusion 

In this chapter, the etching behavior of GO-loaded InP substrate in various types of 

etching solutions was reported. It was revealed that the insoluble oxide layer formed on 

the InP surface in the H2SO4-containing solutions, and the dissolution of the oxide layer 

was the rate-determining step of the InP etching reaction in the H2SO4-containing 

solutions. Because the area under GO had a disadvantage in the dissolution of the InP 

oxide layer, the etching reaction under GO was inhibited. On the other hand, the oxide 

layer was not confirmed on the InP sample after etching in the HCl-containing solutions, 

which means that the oxidant reduction is the rate-determining step. Furthermore, the 

etching behavior can be controlled by the kind of oxidants, and the catalytic activity of 

GO for the oxidant reductions also affects the etching behavior. By choosing HNO3 as 

the oxidant, the etching reaction under GO sheets was enhanced. Further optimization of 

the etching condition is necessary for improving the etching rate and restricting the 

surface roughening after the etching process. 
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Chapter 5 Conclusion and outlook 

  In this thesis, the potential of GO for the catalyst towards the etching reaction of 

semiconductors was explored, and the mechanism of the etching reaction was discussed.  

  In chapter 2, GO was applied to the assisted etching of silicon in the liquid phase 

which is generally reported in the case of metal-assisted chemical etching process. It 

was revealed that GO promoted the etching reaction of silicon and that its etching rate 

was different in the solution containing a different oxidant. Then, the reaction 

mechanism of GO-assisted silicon etching was investigated utilizing an HF-HNO3 

etchant, and a catalytic mechanism for GO-assisted silicon etching was proposed, in 

which oxidants are more easily adsorbed on the GO structural defects than on the 

silicon surface, and this difference in adsorption frequency generates a difference in 

etching rate between the GO-covered and bare areas, resulting in the enhancement of 

the etching under the GO. 

  In chapter 3, a vapor phase etching process was applied to the GO-assisted silicon 

etching. It was shown that the etching reaction under GO was enhanced without the 

formation of a porous structure by using an appropriate solution as a vapor source. In 

order to investigate the reaction mechanism in the vapor phase method, the temperature 

dependence of the reaction rate was confirmed. It was found that the etching rate was 

saturated at 60°C, suggesting that mass transfer contributed to the rate-limiting process 

in the vapor phase method. Furthermore, a site-selective etching was demonstrated by 

combining µCP as a position control of GO. Pattern etching on the order of µm was 

achieved by vapor phase etching of silicon substrates on which GO patterns were 

transferred by µCP. 

  In chapter 4, the chemical etching of InP assisted by GO was demonstrated, and a 

possible mechanism of GO-assisted InP etching was suggested by combining XPS 
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analyses. The solubility of the InP oxide layer towards the etching solution affected the 

rate-determining step of the InP etching reaction. When the oxidant reduction reaction 

catalyzed by GO was the rate-determining step, the etching reaction under GO was 

enhanced. Furthermore, the etching behavior was different in utilizing different oxidants, 

which means that the catalytic activity of GO for the oxidant reduction also affects the 

etching behavior. 

  The conclusions of GO-assisted etching of semiconductors discussed in this paper are 

summarized as follows, 

1. When the etching reaction of semiconductors proceeds with oxidant reduction, 

semiconductor oxidation and those dissolution, GO enhances the etching reaction by 

adjusting the etchant in which the oxidant reduction is the rate-determining step in the 

etching reaction. 

2. Dissolution behavior of intermediates produced by oxidizing semiconductors in the 

GO-assisted etching process affects its rate-determining step, and the influence of GO 

towards the rate-determining step decides its etching behavior. 

3. The oxidant utilized as the etchant of GO-assisted etching affects the etching behavior 

due to the difference in the catalytic activity of GO towards oxidant reduction reaction. 

  As an outlook of GO-assisted etching of semiconductors, directions for the 

improvement of this process are suggested as follows,  

1. Improvement of catalytic activity of GO by heteroatom doping 

Many studies reported the utilization of GO as a catalyst for various types of reactions, 

and most of them have focused on the enhancement of catalytic activity by doping 

heteroatoms on GO42. In these studies, various reaction processes and catalytic 

mechanisms of heteroatoms-doped GO were discussed. It is claimed that the electronic 

state of the heteroatoms-doped GO can easily adsorb and desorb reactive species due to 
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the disorder in the electronic state of the heteroatoms. As mentioned in this thesis, it was 

suggested that the structural defects on GO act as active sites and that the reactive species 

are adsorbed more frequently on the GO than on the silicon substrate. These results 

suggest that the adsorption sites are expected to increase for heteroatoms-doped GO, and 

thus this method is useful for improving the etching rate of the assisted etching process. 

2. GO-assisted etching of wide-gap semiconductors with the enhancement of anodization 

or photo-irradiation 

  Wide-gap semiconductors are applied to power devices with high breakdown voltage 

and low on-resistance, but their high chemical stability makes their processing difficult. 

Recently, a photoelectrochemical etching, which combines electrochemistry and light 

irradiation, has attracted much attention as a wide-gap semiconductor processing21,113–115. 

This process suggested that the production of hole-electron pairs helps the etching 

reaction of wide-gap semiconductors which hardly occurs only by immersing in the 

mixture of acids and oxidants. The driving force of anodization or photo-irradiation will 

enable the assisted etching of wide-gap semiconductors. The advantage of GO compared 

with other metal materials is that GO can control its own band structures by adjusting its 

structures116. The charge transfer from the etchant through GO into the semiconductor is 

necessary for enhancing the etching reaction with oxidant reduction and semiconductor 

oxidation. The control of GO band structure enables the charge transfer so that GO can 

enhance the etching reaction easier than metal materials. 
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Appendix Local current mapping of electrochemically-

exfoliated graphene oxide by conductive AFM 

 

A.1 Introduction 

Graphene is drawing much attention due to its outstanding properties of high electrical 

conductivity117, mechanical strength118, thermal conductivity119, and so on. Many 

researchers have been making efforts not only to reveal its physical and chemical 

properties for several applications, for example, bio-sensor40, transparent conductors120, 

and supercapacitors39, but also to produce it on a large scale cost-effectively. For the 

synthesis of graphene, there are various types of methods such as mechanical exfoliation, 

chemical vapor deposition (CVD)121, epitaxial growth122, and reduction of graphene 

oxide (GO)123. In the case of CVD or epitaxial growth, high-quality graphene can be 

synthesized. However, it is inevitable for the graphene synthesized by the CVD process 

or epitaxial growth to transfer to the desired substrates124 and it is not suitable for the 

mass production of graphene. On the other hand, GO can be fabricated by graphite 

oxidation, and, moreover, GO sheets can be dispersed in water or some organic solvents 

owing to epoxide, hydroxyl and carboxyl groups on GO sheets37. Hence GO can be 

directly loaded on the substrate by a simple and inexpensive solution process. As a 

method of GO reduction, many methods are suggested, such as chemical reduction by 

strong reductant of hydrazine, thermal reduction, and photochemical reduction. In the 

previous report, Tu suggested GO reduction process by vacuum ultraviolet irradiation in 

a high vacuum (<10-3 Pa) condition and the reaction mechanism. This photochemical 

reaction process has some merits for practical application because  

Although the oxygen functional groups on GO sheets are removed after VUV reduction 

process, the reduced GO has lower electrical conductivity than reduced GO by other 
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processes such as thermal reduction or chemical reduction and the reason for this low 

electrical conductivity is still unclear.  

The electrical property of reduced GO is inferior to that of graphene synthesized by 

other processes because there are many defects on the GO sheets formed during the 

oxidation process, and these defects in the GO sheets can not be repaired easily by the 

reduction process, which deteriorates the performance of reduced GO. 

Recently, a new method to synthesize GO has been focused on, that is, the exfoliation 

of graphite by anodization. When the positive voltage was applied to graphite in the 

electrolyte of some aqueous solution of sulfates44,125–127, alkali halide128 or ionic liquid129, 

ions or water molecules were inserted into the graphite layers, and then graphite was 

exfoliated into multi or mono-layer GO sheets by the gas pressure produced by 

intercalated species decomposition. In this process, it takes less than 1 hour for the 

graphite exfoliation, so GO can be synthesized rapidly. Furthermore, there are fewer 

defects on electrochemically-exfoliated GO (EGO) than that synthesized by a chemically 

oxidized process, for example, Hummers method because graphite is moderately oxidized 

without strong oxidant in a short reaction time.  

The electrical property of graphene-like materials is very important for their practical 

application in electronics. It is often reported that oxygen functional groups or defects on 

the GO sheet degrade its electrical property by the chemical and structural analysis of the 

X-ray photoelectron spectroscopy130 or Raman spectroscopy131 and the sheet resistance 

of stacked GO films. However, by these instruments, the obtained information is spatially 

averaged and the local electrical property can not be measured directly. Scanning probe 

microscopy proved to be useful for studying local properties. As the micro/nano-scale 

electrical measurement, conductive atomic force microscopy (C-AFM) has been 

developed to evaluate the electrical properties of semiconductor materials132 or carbon 
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nanomaterials such as carbon nanotube133,134 and reduced graphene oxide135136. In this 

method, local electrical conductivity can be evaluated by mapping the local current with 

the voltage-applied AFM cantilever.  

In this chapter, the C-AFM measurement was applied to EGO or EGO reduced by the 

irradiation of VUV light for the observation of its electrical property. Additionally, 

associated with the analysis by XPS and µRS, the relationship between EGO structure 

and the electrical property is discussed and the possible mechanism of VUV reduction is 

suggested. 

 

 

A.2 Experimental procedure 

A.2.1 Synthesis of electrochemically-exfoliated GO and reduction by 

vacuum ultraviolet light irradiation in high vacuum condition 

Electrochemically-exfoliated GO was synthesized referred to Cao’s report, which is a 

two-step electrochemical exfoliation process44. Figure A-1(a) shows the schematic image 

of the electrochemical apparatus. Galvanostatic charging was applied to graphite foil 

(99.8%, Alfa Aesar, 0.5 mm thickness) in a two-electrode cell with a platinum wire as 

cathode and concentrated H2SO4 (97 %, Nacalai Tesque) as the electrolyte. The charging 

current was kept at 100 mA for 20 min. For the second electrochemical step, the graphite 

foil was removed in the first electrolyte and potentiostatic charging was applied to the foil 

in a two-electrode cell with a platinum wire as cathode and 0.1 M (NH4)2SO4 (99%, 

Fujifilm Wako Pure Chemical Corp.) aqueous solution as the electrolyte. The charging 

voltage was kept at 10 V for around 10 min to exfoliate completely. Then the exfoliated 

graphite flakes were sonicated for 5 min and centrifuged for 10 min to remove the 

impurity including (NH4)2SO4. After purification, the dispersion was maintained for 24 
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hours to precipitate and remove any aggregations.  

The obtained CGO and EGO sheet was loaded on the silicon substrate by spin-coating. 

Then the GO-coated substrate was irradiated by VUV light (Ushio) in a high vacuum 

(<10-4 Pa) for 64min. 

 

A.2.2 Conductive AFM measurement 

AFM and C-AFM measurements were performed under ambient conditions using 

MFP-3D (Oxford Instruments). Rh-coated Si cantilevers (Hitachi High-Tech, SI-DF3-R, 

spring const. 1.6 N m−1) were employed for current mapping in contact mode. Al-

backside-coated Si cantilevers (Hitachi High-Tech, SI-DF40, spring const. 35 N m−1) 

were used for amplitude modulation (AM) AFM topographic imaging. During C-AFM 

measurement, a force of 35 nN was maintained, and -1 V was applied to the cantilever. 

For an electrode to connect the sheet, Au/Ti film (100 nm Au and 10 nm Ti) was deposited 

on a part of the GO-coated substrate as shown in Figure A-1(b). 

 

Figure A-1 Schematic images of (a) the electrochemical exfoliation of graphite and (b) 

the C-AFM measurement.  
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A.3 Results and discussion 

A.3.1 Characterization of electrochemically-exfoliated GO 

Figure A-2(a) and (b) show the graphite products after each step of anodization. After 

the first step of the anodization (100 mA for 20 min in concentrated H2SO4), the immersed 

part of the graphite foil was expanded, which implies that sulfates were intercalated 

between layers of graphite. After the second step of anodization (10 V in 0.1 M 

(NH4)2SO4), the graphite intercalated compounds were peeled into small flakes as shown 

in Figure A-2(b). Notably, the solution after electrochemical exfoliation was transparent. 

After the second step of the electrochemical treatment, the solution with flake-like 

products was sonicated. Figure A-2(c) shows the solution after sonication and then kept 

for 1 day. Unlike just after electrochemical processes, the color of the supernatant has 

changed into brown by the sonication. This color change suggested the existence of 

dispersed GO sheets. The EGO sheet loaded on the silicon substrate was observed by 

AFM to confirm the number of layers and the size of EGO sheet, as shown in Figure A-

2(d). The thickness was 1 nm, which means that EGO sheet was mono-layer47.  

Several researchers have reported the one-step synthesis of electrochemically- 

exfoliated GO in different conditions126,127,129. In these graphite anodization processes, 

the high positive voltage of around 10 V is applied in the aqueous solution of sulfate to 

insert the anions into the graphite layers and to produce gases by water decomposition to 

oxygen simultaneously. The obtained GO sheets after these anodization processes are 

usually multi-layer because graphite is exfoliated before sufficient sulfate intercalation. 

By the two-step anodization, sulfate was adequately inserted into graphite at the first step 

of anodization in concentrated sulfuric acid without water decomposition, and these 

graphite intercalated compounds were further anodized in the aqueous solution of 

ammonium sulfate for the exfoliation. Remarkably, the graphite could not be separated 
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into GO sheets immediately after anodization, as shown in Figure A-2(b), which means 

that the role of two-step anodization was broadening the distance and weakening the 

interaction between each graphite layer, and the obtained graphite products were 

physically exfoliated by sonication. 

 

Figure A-2 The photographs of graphite products (a) after the first anodization (100 

mA for 20 min in concentrated H2SO4), (b) after the second anodization (10 V for 10 min 

in 0.1 M (NH4)2SO4), and (c) after sonication. (d) AFM topographic image and (e) the 

cross-sectional profile along the line of the EGO sheet on the SiO2/Si substrate. 
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The difference in chemical conditions and oxygen functional groups attached to each 

GO sheet was determined by the XPS analysis. Figure A-3(a) shows the XPS C 1s spectra 

obtained from each GO sheet. The spectra were calibrated to the Si 2p peak at 103.5 eV 

derived from the Si-O bond. Furthermore, C 1s spectra were deconvoluted to 6 peaks, i.e., 

sp2
 C=C at 284.4 eV, sp3 C-C at 285.0 eV, C-OH at 286.2 eV, C-O-C at 286.9 eV, C=O at 

287.9 eV, and COOH at 289.1 eV following the previous report136. From the peak fitting 

result, the percentage of the chemical moieties (Pi) and the ratio of oxygen to carbon 

(RO/C) on GO sheets were shown in Table I. The RO/C was calculated by the equation 

below: 

𝑅O/C =
𝑃C−OH +

1
2𝑃C−O−C + 𝑃C=O + 2𝑃COOH

𝑃C=C + 𝑃C−C + 𝑃C−OH + 𝑃C−O−C + 𝑃C=O + 𝑃COOH
(1) 

 

There was little difference between the RO/C of ca. 0.40 for CGO and EGO. However, the 

main oxygen functional group on EGO was the hydroxyl group, whereas that on CGO 

was the epoxide group. This difference can be attributed to the oxidation and exfoliation 

process of each GO and may change the electrical property of each GO sheet. After VUV 

reduction, RO/C of RCGO and REGO were also almost the same. This means that oxygen 

functional groups on both CGO and EGO were removed by VUV irradiation in a high 

vacuum although the kind of oxygen functional groups on each GO was different. 

Raman spectroscopy is one of the powerful tools to characterize the structure of 

graphene-like materials. The Raman spectra of both GO sheets were shown in Figures A-

3(b) and (c). In the spectra, there were two clear peaks derived from GO sheets, one was 

around 1350 cm-1 called D peak and the other was around 1600 cm-1 called G peak137. 

Slight differences were found in these two spectra, such as the position of G peak and the 
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intensity of D peak. At first, G peak of GO sheets is the combination of two peaks, that 

is, G peak derived from the graphitic lattice around 1580 cm-1 and D’ peak by the disorder-

induced graphitic structure around 1610 cm-1 138. In comparison with the CGO spectrum, 

the peak around 1600 cm-1 of EGO was red-shifted due to the D’ peak weakening, which 

means that EGO sheets had fewer defects than CGO. Next, D peak, which is derived from 

the breathing modes of six-atom rings, requires a defect for its activation. In the 

discussion about the structure of graphene-like materials by Raman spectra, the ratio of 

D peak and G peak intensity (ID/IG) and the width of peaks are common parameters. 

Generally, when the defects at GO sheet are repaired, all of the peaks become sharp, the 

intensity of G peak increase, and that of D peak decrease. However, it is reported that the 

intensity of D peak decreases when the defect density at GO sheets increases and the 

distance between defects decreases to less than 5 nm. This is due to the breakdown of the 

six-atom rings lattice structure area, which is the origin of D peak68. It is confirmed that 

EGO has a sharper D peak and higher ID/IG value than those of CGO, which indicates that 

EGO had a highly ordered structure. Compared with the spectra of RCGO and REGO, 

the difference is more apparent than the difference between CGO and EGO. D peak of 

REGO was sharper and the intensity of D peak was higher than that of RCGO. 

Furthermore, the G peak of REGO was split into two peaks called G peak and D’ peak. 

There was less difference between CGO and EGO than that between RCGO and REGO 

because the oxygen functional groups on the EGO sheet prevent the activity of its 

graphitic structure. From these chemical analyses, EGO has an ordered structure more 

than CGO. 
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Figure A-3 (a) Comparison of chemical and structural characteristics of each GO sheet 

(a) XPS C1s spectra and (b)(c) Raman spectra. 
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A.3.2 Local current mapping of electrochemically-exfoliated GO 

Local electrical conductivity of EGO and REGO was measured by C-AFM in contact 

mode as shown in Fig. A-4(a) and (b). EGO sheets were deposited on the thermally-grown 

SiO2 (300 nm thickness) surface, which is an insulator. After the Au/Ti electrode 

deposition, C-AFM measurements were performed at the boundary region of the Au/Ti 

electrode in order to obtain the current mapping images of EGO and REGO connected to 

the electrode. Therefore, the C-AFM configuration in this study can detect the current 

flowing through the EGO sheet laterally. The upper white region in Fig. A-4(a) and (b), 

which showed a current of more than 20 µA, is the area of the deposited Au/Ti electrode. 

The black region where the current was detected as less than 1 µA can be the exposed 

SiO2, the EGO sheets without connection to Au/Ti electrode, or the position in a 

connected EGO sheet with current below the detection limit. Most of the grey regions 

were GO sheets connected to the electrode. In these regions, the detected current 

gradually decreased as the distance from the electrode increased due to the integrated 

resistivity of the EGO sheet. The current signals in both GO sheets showed the variation 

at a certain distance from the electrode and formed domain-like parts in the current 

mapping image. Domain features of current mapping reflected the inhomogeneous local 

conductivity of GO sheets. When the probe was placed on the low-conductive domain, 

the current flows through the low-conductive domain at first, leading to the low-current 

signal. On the other hand, when the tip is contacted with the high-conductive domain, 

current flows only through the conductive path in the EGO sheet to the electrode, leading 

to a higher current signal, shown in Figure A-5. This difference resulted in the variation 

of the measured current in an EGO sheet, and the formation of high- and low-conductive 

domains in Fig. A-4(a) and (b). The low conductive domains derive from the EGO’s 

structural feature. As shown in Fig. A-3, EGO sheets have some oxygen functional groups 
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and defects which were formed in the synthesis process, and those parts should have 

lower electrical conductivity than the graphitic domain. 

Figure A-4(a) and (b) also shows the current profile and the corresponding resistance 

profile following Ohm’s law. Judging from Fig. A-4(a) and (b), the intercept value of 

EGO was 90 kΩ and that of REGO was 420 kΩ, which means the contact resistance at 

GO-electrode and GO-probe contacts. In the previous report, the contact resistance 

between graphene and Cr/Au electrode was measured by 2 and 4-probe measurements. 

The measured contact resistance ranged from 103 to 106 Ω µm139. The resistance order 

was almost the same as the C-AFM results at this time. Furthermore, the measured current 

was inverse proportion to the distance from the electrode to the measured point except 

for the low-conductive domains, which means that current detours in order to avoid the 

defects as shown in Figure A-5. These results indicate that the current measurement was 

not restricted by the contact resistance but the detected current reflected the resistance of 

each GO sheet. Regarding the triangle region on EGO sheet formed by the tip and the 

electrode side connected with EGO sheet as the electrical conduction path, the electrical 

conductivity can be calculated by utilizing the relation between resistance and distance140. 

The resistance of the micro area surrounded by the dashed line in Figure A-4(c) is given 

by  

𝑑𝑅 = 𝜌
𝑑𝑥

{
𝑥
𝐿
(𝑊e −𝑊t) + 𝑊t}𝑇

(2) 

where ρ is the resistivity of the EGO sheet, L is the distance between the tip and the 

electrode, T is the thickness of the sheet, We is the connected length between the sheet and 

the electrode, and Wt is the diameter of the tip contact area. The contact area of the tip and 

EGO sheet was estimated to be 13.3 nm2 by following the Hertzian contact mechanics 

model and Wt was evaluated to be 4 nm. Then, the electrical conductivity σ of the sheet 
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was calculated by integrating the Eq. (2) and converting ρ as σ, that is,  

𝜎 =
𝐿

𝑅

ln (
𝑊e
𝑊t

)

𝑇(𝑊e −𝑊t)
(3) 

By using the experimental parameters of We as 1.7 µm and L/R as 0.13 MΩ µm-1 which 

is approximate to the fitting result shown in Figure A-4(a) except for the low-conductive 

domains, the calculated electrical conductivity of the right side of EGO sheet was about 

27000 S m-1, which was similar to that of reduced EGO membrane in Cao’s report44. In 

the previous report, the C-AFM measurement of reduced CGO demonstrated its electrical 

conductivity and the existence of low-conductive domains with the size of several tens to 

hundreds of nanometers. The calculated electrical conductivity was 0.2 S m-1 47. Despite 

some quantity of oxygen functional groups on EGO sheets, EGO was proved to be more 

conductive than reduced CGO. The same calculation was applied to REGO. By using the 

experimental parameters of We as 7.3 µm and L/R as 0.12 MΩ µm-1 which is approximate 

to the fitting result shown in Figure A-4(b) except for the low-conductive domains, the 

calculated electrical conductivity of the right side of EGO sheet was about 8300 S m-1. 

which was lower than that of EGO. 

From the chemical and structural characterization and the local electrical conductivity, 

the possible theory of the relationship between the structure and the electrical property of 

the GO sheet can be proposed. The main factor of the high electrical conductivity of EGO 

is owing to the ordered graphitic structure. EGO sheets have fewer defects than CGO, 

which was revealed by Raman spectroscopy. Generally, the electrical path is the sp2 

domains on the sheet, and this domain can be destroyed by strong oxidants such as 

KMnO4 or nitric acid in the fabrication process of CGO. On the other hand, EGO was 

prepared by moderate oxidization of graphite and it was completely exfoliated by an 

electrochemical process, which leads to the ordered structure. Additionally, the types of 
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oxygen functional groups may affect the electrical conductivity of both GO sheets. From 

the XPS spectra, the species of oxygen functional groups on each GO were proved to be 

different although the RO/C was almost the same. The main oxygen functionality on CGO 

was epoxide which was connected to the in-plane of the sheet according to the Lerf-

Klinowski model141, hence conductive path was separated. In contrast, the main oxygen-

containing group on EGO was the hydroxyl group. Ghaderi et al. reported that it is stable 

for the hydroxyl group to connect to the defect, disordered, or edge parts of the sheet 

confirmed by density functional theory simulation142. Because hydroxyl groups on EGO 

sheets do not connect to the graphitic domain which is the conduction path on the sheet, 

EGO sheets have higher electrical conductivity than CGO. However, the electrical 

conductivity of REGO was lower than that of EGO. From these results, a possible 

mechanism of the VUV-irradiated reduction reaction in a high vacuum. Because hydroxyl 

groups on EGO were connected to defect, disordered or edge parts on EGO, graphitic 

domains which enhance the G band of Raman scattering increased. However, even if 

hydroxyl groups were removed from EGO, EGO has another electrical path other than 

defects or disordered structures. Furthermore, by irradiating VUV light in a high vacuum 

condition, the adsorbed water on GO was also excited by VUV light, and OH radicals 

were formed, which destroyed the graphitic structures of EGO. This destruction by VUV 

irradiation deteriorated the electrical conductivity of EGO. Hirotomi et al. achieved the 

synthesis of EGO with higher electrical conductivity by the thermal-enhanced VUV 

reduction in a high vacuum143. The adsorbed water on GO sheets can decrease in higher 

temperature conditions, and EGO structure was not destroyed less in the case of less 

adsorbed water on EGO in thermal-enhanced VUV irradiation than at R.T. Their results 

also supported the proposed mechanism of destroying the structure by adsorbed water in 

the EGO sheets.  
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Figure A-4 Local current mapping, current and corresponding resistance profile along 

lines of (a) EGO and (b)REGO to the Au/Ti electrode with the tip voltage of -1 V. (c) A 

schematic image of C-AFM measurement for estimating the electrical conductivity of  

GO.  
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Figure A-5 Schematic images of the conduction path when the probe was placed on the 

low-conductive domain or the high-conductive domain. 
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