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ABSTRACT 

Chemical etching of silicon assisted by various types of carbon materials is drawing much 

attention for the fabrication of silicon micro/nanostructures. We developed a method of chemical 

etching of silicon that utilizes graphene oxide (GO) sheets to promote the etching reaction in a 

hydrofluoric acid-nitric acid (HF-HNO3) etchant. By using an optimized composition of the HF-

HNO3 etchant, the etching rate under the GO sheets was 100 times faster than that of our HF-H2O2 

system used in a previous report. Kinetic analyses showed that the activation energy of the etching 

reaction was almost the same at both the bare silicon and GO-covered areas. We propose that 

adsorption sites for the reactant in the GO sheets enhance the reaction frequency, leading to deeper 

etching in the GO areas than the bare areas. Furthermore, GO sheets with more defects were found 
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to have higher catalytic activities. This suggests that defects in the GO sheets function as 

adsorption sites for the reactant, thereby enhancing the etching rate under the sheets. 

 

 

Introduction 

The fabrication processes of silicon micro/nanostructures are drawing much attention as a 

method for fabricating microelectronic devices, and silicon nanostructures such as silicon 

nanowires and porous silicon1. To fabricate these minute structures, researchers have invented 

various dry and wet etching methods. However, a more controllable and facile etching process to 

facilitate the construction of new-generation devices is required.  

Metal-assisted chemical etching (MacEtch) is a newly developed micro/nanostructure 

fabrication technique that exceeds the performance of existing processes2. When a silicon 

substrate covered with a noble metal is immersed in an etchant composed of hydrofluoric acid 

(HF) and oxidants such as hydrogen peroxide (H2O2)3,4 and nitric acid (HNO3)5, the silicon under 

the metal particles is dissolved faster than the bare Si areas. Multiple studies have explained this 

phenomenon by the catalysis of the oxidant reduction reaction by the noble metal. The advantage 

of this method is its controllability and simplicity. Compared with other fabrication processes 

that can also achieve high-aspect-ratio silicon micro/nanostructures, such as dry etching and 

vapor-liquid-solid growth6, the MacEtch process can synthesize high-crystalline silicon 

structures without the formation of lattice defects on the surface. Furthermore, MacEtch can be 

conducted in a simple solution process, without expensive equipment. However, this method 

presents its own drawbacks. For example, it can be quite challenging to remove metal particles 

that have intruded into the micro/nano trenches of the silicon after the MacEtch process. These 
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residual metal particles make deep-level traps that can severely effect the performance of  

semiconductor devices.  

   Recently, carbon materials have been focused on as alternative catalysts for these etching 

reactions7–11. The motivation of utilizing carbon materials in assist-etching is to catalyze the 

oxygen or H2O2 reduction reactions12–14. These materials have inherent edges and defects, which 

alter the local density of the π-electrons, and such areas can serve as active sites for oxidant 

reduction reactions15. In previous reports, graphene, carbon nanotube, and carbon nanospheres 

have been used to catalyze silicon etching reactions in HF-H2O2 solution or vapor8-10.  

Previously, we demonstrated that graphene oxide (GO) works as a catalyst for the etching 

reaction in an HF-H2O2 system16. GO has a graphene-like structure partially modified with 

oxygen functional groups (epoxy, hydroxy, and carboxy groups) and is synthesized by graphite 

oxidation in a cost-effective manner when compared with catalysts such as noble metals and 

graphene. GO sheets can be dispersed in some solvents owing to the oxygen functional groups, 

enabling GO to be easily deposited on the substrate by a solution process17. Although there are 

many benefits of utilizing GO as the etching catalyst, the etching rate of GO in the HF-H2O2 

system is slow, at about 1 nm h-1. To overcome this problem, we switched the oxidant of the 

etchant from H2O2 to HNO3. The HF-HNO3 etchant is known to dissolve silicon rapidly18–23. 

Chen and colleagues showed that Ag particles enhance the etching reaction in HF-HNO3-acetic 

acid solution5. Moreover, it is reported that GO works as a catalyst for the nitrate reduction 

reaction24. By applying an HF-HNO3 etchant to GO-assisted etching, GO can enhance the nitrate 

reduction reaction and form GO-like pores on the silicon surface. 

Here, we demonstrate the effectiveness of GO-assisted silicon etching in HF-HNO3 and reveal 

its mechanism by kinetic analyses. Furthermore, GO sheets with different structural features 
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were applied to the etching procedure to reveal the active sites of the etching reaction. GO can be 

synthesized by the chemical oxidation of graphite particles with strong oxidants. In this method, 

the strong oxidants form numerous defects in the GO structure. Recently, many researchers have 

reported that electrochemical exfoliation of graphite to produce GO results in fewer defects. 

Graphite is oxidized more mildly with anodization than by chemical oxidation with strong 

oxidants, thus creating less defective GO sheets. In this paper, we attempted to ascertain the 

catalytic mechanism of GO-assisted etching of silicon by applying these two types of GO sheets. 

 

 

Experimental Methods 

We prepared two types of GO using a modified Hummers’ method (CGO: chemical graphene 

oxide) and an electrochemical exfoliation method (EGO: electrochemical graphene oxide), the 

details of which are explained in previous reports25,26. In the modified Hummers’ method, graphite 

powder (Z-100, 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) 

and left for 3 days in an ice bath. Then, 5% H2SO4 was added to the solution, and the as-obtained 

solution was stirred for 2 h. To stop the oxidation reaction, H2O2 (30%, Nacalai Tesque) was added 

to the mixture and stirred for 2 h. The mixture was centrifuged, and the supernatant was replaced 

with ultrapure water. 

In the electrochemical exfoliation method, anodization was performed using a two-electrode 

configuration with graphite foil (99.8%, 0.5 mm thickness; Alfa Aesar) as the working electrode, 

platinum wire as the counter electrode, and concentrated H2SO4 (97%, Nacalai Tesque) as the 

electrolyte, under a constant current density at 40 mA cm-2 for 20 min. In the anodization process, 
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1 × 2.5 cm2 of the graphite foil was immersed in the electrolyte. Further anodization was performed 

with an as-anodized graphite foil as the working electrode and platinum wire as the counter 

electrode in an electrolyte of aqueous 0.1 M (NH4)2SO4 (99%; Fujifilm Wako Pure Chemical 

Corp.) and under a constant potential of 10 V for around 10 min to completely exfoliate the 

graphite foil. The exfoliated graphite flakes were then sonicated for 5 min and centrifuged for 10 

min to remove any impurities and residual (NH4)2SO4.  

   The GO sheets were then loaded onto the silicon substrate. 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 (resistivity of 18.2 MΩ • cm) in succession. The substrate was then 

subjected to Xe excimer lamp (wavelength: 172 nm, 10 mW cm−2; Ushio Co. Ltd.) treatment to 

remove organic contaminants. The GO sheets were then deposited on the silicon substrate by 

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

   The GO-coated silicon substrate was immersed in a mixture of HF (50%, semiconductor 

industry grade; Morita Chemical) and HNO3 (70%, electrical industry grade; Fuji Film Wako 

Pure Chemical Corp.). The surface structure of the obtained sample 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 sample 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 obtained spectra were 

calibrated to the Si 2p peak at 99.8 eV27. 
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 Results and Discussion 

Figure 1a shows a schematic illustration of the etching process. Typical AFM topographic 

images of the silicon sample coated with CGO and EGO before etching are shown in Figure 1b 

and c. The cross-sectional profile shows that the thickness of both GO sheets was around 1.2 nm, 

which is in good agreement with a single layer of GO25. The sheet sizes of CGO and EGO were 

approximately 20 µm and 10 µm, respectively.  

 

 

Fig. 1 (a) Schematic images of the deposition of GO sheets and GO-assisted etching. AFM 

topographic images of (b) CGO and (c) EGO sheets on a silicon substrate and the cross-sectional 

profiles obtained along the lines. 
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We carried out etching of CGO-coated silicon substrates under different etchant compositions 

to evaluate the catalytic activity of CGO to the etching reaction. Figure 2 shows the surface 

morphology and cross-sectional profiles of the silicon substrate after the etching process as 

observed by 3D laser microscopy. The etching temperature was kept at 25°C. When the 

concentration of HNO3 was high (molar ratio of HF to HNO3, 1.5:15 [mol L-1]), the areas 

covered by CGO sheets were around 100 nm thicker than the bare areas (Fig. 2a). This result 

shows that CGO sheets prevent the etching reaction in a HNO3-rich etchant. On the other hand, 

when the CGO-coated substrate was immersed in an etchant in which the ratio of HF to HNO3 

was 29: 3.2 × 10-2 (mol L-1; 30 mL HF and 60 µL HNO3), numerous pores were formed under 

CGO sheets, as shown in Figure 2b. However, the etched surface was not homogeneous, and the 

morphology was very rough; therefore, this etchant condition was deemed not suitable for any 

practical application. This roughness may have been caused by gases produced in the etching 

process that were stuck on the backside of CGO sheets, preventing the diffusion of the reactants. 

We therefore decreased the concentration of HNO3 to reduce the amount of gas produced. Figure 

2c and d show samples after etching for 4 and 16 min in an etchant with a HF to HNO3 ratio of 

29:5.3 × 10-3 (mol L-1; 30 mL HF and 10 µL HNO3). In this etchant, CGO-sheet-like pores 

formed on the substrate surface, and the etching depth was almost proportional to the etching 

time. This showed that the CGO sheets promoted the etching reaction by utilizing the optimized 

etchant. 

   The silicon etching process in HF-HNO3 is frequently described by a series of nitrate 

reduction, silicon oxidation, and dissolution reactions20,22,23,28,29. In general, the etching of silicon 

in HF-HNO3 systems is believed to be isotropic because the etching reaction is so fast that the 

diffusion of the reactants or products restrict the etching reaction. However, it may be possible 
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that the etching process is reaction-limited by the reducing concentration of HF or HNO3. In this 

situation, the concentrations of HF and HNO3 change the rate-determined step in the etching 

process. In high HNO3 compositions, HF diffusion and silicon dissolution should determine the 

etching rate22. On the other hand, when the HF concentration of the etchant is high, nitrate 

diffusion or its reduction should restrict the etching reaction29. Based on this model, we 

hypothesized that the CGO sheets function as masks in the HNO3-rich etchant as the sheets 

prevent the rate-limited step, which is the diffusion of HF to the silicon under the sheets. 

However, CGO sheets enhance the etching reaction in HF-rich conditions since the CGO sheets 

assist the nitrate reduction reaction, which can be the rate-determining step in HF-rich etchants. 

In our GO-assisted etching experiment, almost all of the GO sheets were mono-layers, although 

bi-layers of overlapping GO sheets were also seen (lower right of Fig. 2d). Another example of 

the result of etching with bi-layer GO sheets is shown in Figure S1 in the Supporting 

Information. When compared with monolayer GO sheet etching, etching with bi-layer GO was 

suppressed. This may have been because diffusion of the products or hole transfer into the silicon 

was prevented by stacking the GO sheets.  
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Fig. 2 3D laser microscope topographic images and cross-sectional profiles along the lines of the 

silicon substrate loaded with CGO sheets after etching at 25°C. The etchant ratios of HF to 

HNO3 were (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 times were (a, b, d) 16 min and (c) 4 min. 

 

It is possible that the oxygen functional groups on the CGO sheets oxidize the silicon, 

resulting in an enhanced etching reaction. Therefore, analysis of chemical conditions of the CGO 

sheets before and after the etching process was essential to clarify whether CGO sheets function 

as reactants or catalysts for the etching reaction. Figure 3 shows the XPS C 1s spectra of CGO 
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before and after etching. The spectra were deconvoluted to six peaks: 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 eV30. Although a peak at around 287 eV derived from oxygen functional groups was 

detected on the CGO sheets before etching (Fig. 3a), this peak gradually decreased as the etching 

time increased and disappeared after 4 min (Fig. 3b). Furthermore, as shown in Figure 3c and d, 

there was little change in the spectrum after etching for 4 min and 16 min. As shown in Figure 2c 

and d, CGO continued to enhance the etching reaction for 16 min. These results indicate that 

CGO sheets are not the reactants but the catalysts for the etching reaction in HF-HNO3 solution. 

We also considered a possible mechanism of the CGO reduction reaction in which oxygen 

moieties on the CGO sheets react with the hydrogen-terminated silicon, and the resulting Si-O is 

removed by HF. It has been reported that epoxide moieties, which are also found on CGO sheets, 

react with hydrogen-terminated silicon surfaces and that CGO sheets on hydrogen-terminated 

silicon are partially reduced31,32. We also found that CGO sheets are reduced by immersion in HF 

solution for 4 min (Fig. S2). These results suggest that the oxygen functionalities on CGO have 

little influence on its capacity to promote the etching reaction, and that the CGO sheets function 

as catalysts, not reactants, for the silicon etching reaction.  
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Fig. 3 XPS C 1s spectra of silicon substrates loaded with CGO sheets (a) before etching and after 

etching for (b) 1 min, (c) 4 min, and (d) 16 min. 

 

Our results support the hypothesis that the CGO sheets promote the nitrate reduction reaction, 

thereby enhancing the silicon etching reaction under them. To elucidate the mechanism of the 

GO-assisted etching reaction, the temperature dependence of the etching rate was evaluated 

using the Arrhenius equation33, 

𝑘 = 𝐴exp '−
𝐸!
𝑘"𝑇

+ 
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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 

being dependent on the collision frequency of the reactants. 

Figure 4 shows the temperature dependence of the etching rate at the CGO-covered and bare 

silicon areas. The average etching rate at each temperature was used for the Arrhenius plot. The 

etchant condition was the same as in Figure 2c and d, and the etching time was 4 min. The 

etching rate of the bare silicon area was calculated by measuring the weight change of silicon 

substrate during the etching process. The detailed calculation is described in the Supporting 

Information. We found that the etching rate increased as the etchant temperature increased for 

both systems. If the diffusion of the etchant was limiting the etching reaction, the etching rate 

would not have been affected by the etchant temperature; therefore, the reaction rate controlled 

the etching rate. Next, we determined the Ea values of the bare silicon and CGO-covered areas, 

which were estimated to be 0.39 ± 0.04 eV and 0.45 ± 0.06 eV, respectively. Both Ea values 

agree with a previous report on Si etching in a mixture of HF-HNO3
33, and there was little 

difference in their activation energies. On the other hand, the intercept of the Arrhenius plot for 

the CGO-covered areas, which correlates with the pre-exponential factor (A), was around 10 

times larger than that of the bare silicon areas.  
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Fig. 4 Arrhenius plot of the etching rate under CGO sheets and bare areas of silicon. 

 

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

nitrate reduction and silicon oxidation, and the nitrate reduction reaction may be enhanced on the 

surfaces of CGO sheets. Multiple studies have explored effective catalytic materials for nitrate 

reduction34,35. Groot et al. reported the detailed process of nitrate reduction on platinum 

electrodes34. At low nitrate concentrations, nitrate reduction proceeds through the following 

series of reactions: 

NO3
-
 ⇄ NO3

-
,ads 

NO3
-
, ads +2 H+ + 2 e- → NO2

-
,ads + H2O 

NO2
-
,ads + 2 H+ + e- → NO,ads + H2O  

In this process, the reduction of nitrate to nitrite is considered to be the rate-determining step. 

Furthermore, the amount of adsorbed nitrate also controls the reaction rate at low concentrations 

of nitrate. GO is an effective catalyst for oxidant reduction reactions involving oxygen12, 

H2O2
13,14, and nitrate24. When GO or other nano-carbon materials are utilized as catalysts, 

intrinsic defects, edges, or heteroatoms of those materials play central roles in their catalytic 
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activities15. These regions alter the charge or spin distribution of π electrons, enabling oxidants to 

readily adsorb to the surfaces, thereby increasing chemical reactivity. This implies that defect 

sites on the CGO sheets may function as adsorption sites for NO3
- and serve as the catalytic 

active sites. 

In the GO-assisted etching of silicon, the pre-exponential factors for the bare silicon and CGO 

areas were different, whereas their activation energies were within measurement variation. This 

implies that the nitrate reduction reaction paths on the CGO sheets and bare silicon are not 

different, and that the difference in the etching rates is due to the amount of adsorbed reactive 

species on the respective surfaces.  

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

the CGO sheets utilized in these experiments do not have heteroatoms on the surface, defects in 

the sheets are proposed to function as active sites for nitrate reduction. We attempted to clarify 

the relationship between the number of defects and the catalytic ability of GO sheets to test this 

hypothesis. To this end, we utilized EGO sheets produced through electrochemical synthesis as 

they have fewer defects than CGO sheets. 

Figure 5 shows the surface morphology of a silicon substrate loaded with CGO and EGO. 

Both samples were etched for 16 min in a mixture of HF and HNO3 (etchant ratio of HF to 

HNO3, 29:5.3 × 10-3 [mol L-1]) at 25℃. The etching depth was confirmed by SEM observation of 

the cross-section of the etched silicon substrates. To mitigate the influence of sheet size, CGO 

was fractured by sonication for 2 h to create similar sized sheets as EGO. After etching, holes in 

the shape of the crushed CGO sheets were formed on the substrate at depths of around 400 nm 

(Fig. 5a). This etching rate was the same as that of non-sonicated CGO, suggesting that the mass 

transport of the reactants or products was sufficient so that the sheet size had little influence on 
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the etching rate. It has been reported that pores with a size of 5 nm2 are formed in GO sheets 

during the synthesis process36. Thus, it is possible that the reactants or products are transferred 

from the side of the sheets through these pores as their diffusion does not restrict the etching rate. 

Interestingly, the etching rate of EGO was slower than that of CGO, (Fig. 5a, b), which indicates 

that the catalytic activity of EGO is inferior to that of CGO. In general, EGO sheets have fewer 

defects than CGO sheets. While strong oxidants such as KMnO4 and nitric acid are used to 

oxidize the graphite in the synthesis process of CGO, EGO is synthesized by graphite 

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

EGO sheets. Furthermore, chemical and structural analyses by XPS and µRS showed that EGO 

has a more ordered structure than CGO (detail are provided in the Supporting Information.) 

Taken together, these results suggest that defects in the CGO sheets play an essential role in 

enhancing the etching reaction.  

In the nitrate reduction process, adsorbed NO3
- on a specific surface is one of the most critical 

factors for the reaction rate34. The relationships between the adsorption energy of reactants and 

the catalytic activities of various types of alloy materials have been reported. The higher the 

adsorption energy of nitrate ions on the surface of an alloy surface, the higher the activity of the 

alloy material37,38. Furthermore, several studies have reported the catalytic activities of nano-

carbon materials for various types of oxidant reduction reaction, both through experiments and 

calculations, showing that reactants are more stably adsorbed on inhomogeneous parts of a 

surface, such as on defects, heteroatoms, or edges, than on homogeneous parts24,39. Therefore, in 

GO-assisted etching, these specific parts may enhance the etching reaction by functioning as the 

central sites of nitrate reduction. 
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Fig. 5 3D laser microscope topographic images, cross-sectional profiles along the lines, and 

cross-sectional SEM images of the silicon substrate loaded with two types of GO sheets after 16 

min etching at 25℃. The etchant ratio of HF to HNO3 was 29:5.3 × 10-3 (mol L-1). The deposited 

GO sheets were (a) CGO and (b) EGO. 

 

 

Conclusion 

We report the selective etching process of silicon substrates by applying GO sheets as a 

catalyst for the etching reaction. GO enhances the silicon etching reaction, especially the nitrate 

reduction reaction, in an optimized HF-HNO3 solution, and that the etching rate is faster than that 

of GO-assisted etching of silicon in HF-H2O2. If the GO sheets could be transferred to the silicon 

surface at desired positions and with desired shapes, such as with photo-lithography 40,41 or 

micro-contact printing 42,43, GO-assisted etching could be a facile and inexpensive method of 

fabricating silicon micro/nanostructures. For a deeper understanding of this process, kinetic 
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analyses were performed. 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 ions, thereby increasing the reaction frequency 

relative to the bare silicon areas. 

 Furthermore, we attempted to ascertain the origin of the catalytic activity of GO 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.  

 

Associated Content 

Supporting Information: S.1 The etching behavior of stacked CGO sheets, S.2 The reduction 

of GO sheets in HF solution, S.3 The calculation of the etching depth of the bare silicon part, S.4 

Temperature dependence of the etching rate under the GO sheets, and S.5 Chemical and 

structural analyses of both types of GO. 
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