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Abstract 

The remarkable functional properties of diamond depend not only on its physical and 

chemical properties but also on its surface morphology. Ordered porous diamond with 

hierarchical structures is used in various applications in the fields of environment and 

energy management. However, obtaining such micro- and nanostructures via 

conventional techniques has proven to be challenging because of the superhardness 

and extreme chemical inertness of diamond. In this study, a strategy to create highly 

textured diamond films structured by vertical columnar crystals was developed. The 

mechanism of shape-evolution of diamond grains was proposed to account for the 

changes in the crystal shape from octahedron through cubo-octahedron to cube, 

followed by oxidation and hydrogenation. Shape evolution of diamond crystals during 

the initial fabrication stages was assessed by scanning electron microscopy, which 



revealed that the surfaces of fabricated diamond consisted of rough octahedral {111} 

and smooth cubic {100} faces. The variation of the crystal shape depended on the 

relative growth rate of {111} faces to that of {100} faces during the growth process. 

Finally, highly ordered porous diamond films with switchable wettability properties 

were obtained by post-fabrication modification involving thermal etching in air 

followed by etching in hydrogen plasma. 

1. Introduction 

Diamond, one of the hardest substances in nature, is a functional material with 

extraordinary properties, such as high mechanical hardness, outstanding chemical 

inertness and high thermal conductivity [1-3]. Potential applications of diamond 

depend not only on its physical and chemical properties but also on its surface state 

and morphology [4,5]. The morphological structure of diamond makes morphological 

modifications feasible and hence, allows diamond to lend itself in broader 

applications. However, due to extremely high hardness and chemical inertness, it is 

not possible to modify diamond by mechanical processing or wet chemical etching. 

This is especially the case for the highly ordered diamond microstructures, which 

have been considered for use in fields of environment and energy management [6-8]. 

It is, therefore, important to develop a technically feasible and economically viable 

technique for fabricating synthetic diamond microstructures. 

The nucleation and growth of heteroepitaxial diamond films have been the object 

of previous studies [9-11]. In particular, textured functional diamond films have 

recently attracted increasing attention with the primary focus placed on obtaining 

shape-controlled, ordered porous diamond films. Conventional scratching procedure, 

bias enhanced nucleation and seeding techniques have been employed in order to 

achieve improved heteroepitaxial growth of diamond nanocrystals [12-15]. 



Additionally, the effect of different gas mixtures, using multiple reacting gases (e.g., 

Ar, N2, CO, CO2 and H2O), on diamond growth has been thoroughly investigated [16-

18]. Diamond nanostructures with regular porosity have been synthesized using a 

bottom-up approach, for instance, the template-directed fabrication of 3D ordered 

macroporous diamond with the use of colloidal crystal templates, and the obtained 

diamond opal is a structurally perfect photonic crystal in the optical spectral 

region[19-21]. 

However, the shape control of micro- and nanostructured diamond films is 

limited by the templates used and the process complexity. Moreover, the templates 

must be selectively removed after crystal growth, which makes the synthesis method 

particularly challenging. The template method is based on the direct growth of 

diamond structures. This bottom-up strategy has the advantage of not requiring 

complex after-growth processing. However, the synthesis of ordered micro- and 

nanostructured diamond by selective area deposition is not a simple task, especially 

for achieving uniform growth on large substrates.  

On the other hand, top-down processing of synthetic micro- and nanostructured 

diamond include catalytic, plasma-assisted reactive ion and thermal etching, which 

typically involve the use of reactive gases (e.g., argon, oxygen and hydrogen) or 

molten metal as etching agents and refractory metals or oxide materials as shadow 

masks [22]. However, during etching, the surface area of diamond crystals is strictly 

limited by the shadow masks used making complex hierarchical diamond 

configurations difficult to obtain. Therefore, the development of a suitable fabrication 

method for highly ordered diamond micro- and nanostructures is strongly needed. 

In this study, the shape-evolution and shape-control of diamond grains were 

thoroughly investigated. The effect of the relative growth rate of the various crystal 



planes on the evolution of the crystalline form from octahedron through cubo-

octahedron to cube was assessed. The crystalline evolution was consistent with the 

specific surface energy of the constituent crystallographic diamond planes. 

Additionally, highly textured diamond films were fabricated by controlling the 

nucleation and the relative growth rate of the growing planes. The textured diamond 

films were treated by thermal etching in air and subsequent reactive ion etching in 

hydrogen plasma to obtain ordered porous diamond films. Detailed observations were 

made of the effect of operational conditions on the changes in morphology of the 

diamond grains. This helped understand the mechanisms of shape-evolution of 

ordered diamond micro- and nanocrystals.  

2. Experimental  

2.1. Materials 

Silicon (100) wafers, 1.5 mm thick and 2 inches in size, (Aladdin Industrial Inc.), 

were used as substrates throughout all experiments. Diamond scratching was 

performed using diamond abrasion paste with a grain size of 1 μm (Best Diamond 

Industrial Co., Ltd.). An aqueous nanodiamond dispersion solution with nanodiamond 

particles in the range of 10-30 nm was supplied from ZhongNan Diamond Co., Ltd. 

Hydrofluoric acid, acetone, and ethanol were purchased from Beijing Chemical works 

Ltd. Deionized water was obtained from Harbin Baida Industrial Inc., and used 

throughout all experiments. Finally, N2 (99.%), H2 (99.999%), and CH4 (99.999%) 

were purchased from Harbin Liming Co., Ltd. 

2.2. Fabrication of ordered nanoporous diamond films 

Initially, the silicon wafers were sequentially cleaned by acetone, ethanol, and 

deionized water to remove any organic impurities found on the surface, and dried by 

N2. Then, the wafers were immersed in a 5 % solution of hydrofluoric acid for 3 



minutes to remove the native oxide. The silicon wafers were subsequently coated with 

nanodiamond seeds through diamond scratching using the diamond abrasion paste, 

followed by spin-coating using the aqueous nanodiamond solution. An image of the 

aqueous nanodiamond solution and TEM images of the nanodiamond seeds are shown 

in Fig. S1. It was revealed that the aqueous nanodiamond solution did not precipitate 

and the nanodiamond seeds with sizes ranging from 10 to 30 nm were fully dispersed 

on the silicon wafer surface. Then, the nanodiamond seed-coated silicon wafer was 

put in a microwave-plasma-assisted chemical vapor deposition (MPACVD) system 

operating under vacuum. The substrate was directly heated by being immersed in 

plasma; no other heating source was used. The surface temperature of the sample was 

obtained using an infrared measuring system. A power of 3800 W and a ratio of 196/4 

sccm for H2/CH4 at the temperature and pressure of 850 °C and 165 mbar, 

respectively, were used for diamond growth. The process parameters for the 

incubation and growth stages are shown in Table 1. Finally, the fabricated diamond 

films were treated by thermal etching in air followed by hydrogen atom etching in 

hydrogen plasma; process parameters are shown in Table 2 and Table 3. 

2.3. Sample characterization 

Surface morphology of specimens was examined by scanning electron 

microscopy (SEM, FEI Helios Nanolab 660i, operated at 5-20 kV). The morphology 

and microstructure of the samples were studied in detail by transmission electron 

microscope (TEM, FEI Tecnai G2 F30, operated at 300 kV). Raman spectra were 

acquired using a confocal Raman spectroscope (Horiba Jobin-Yvon Lab RAM HR800 

System) with 458 nm laser excitation under ambient conditions. Water contact angles 

(WCA) were measured on an OCA20 system (Data-Physics) under ambient 

conditions; the volume of the water droplets was 5 μl. The WCA values reported 



herein represent the average of measurements taken on five different areas of each 

sample. Finally, optical microscopy images were taken using a Nikon D7100 camera. 

3. Results and discussion 

To aid coalescence and produce smooth polycrystalline diamond films, a seeding 

step is usually required to reach the desired nucleation densities. In this paper, the 

impact of the scratching procedure and nanodiamond seeding techniques on 

nucleation densities and the corresponding variation of the diamond crystal shape 

were investigated. Fig. 1 shows the nucleation densities of nanodiamond clusters 

grown on silicon substrates seeded by the scratching procedure and nanodiamond 

seeding techniques. As shown in Fig. 1(a) and (b), nanodiamond clusters of various 

particle sizes grew mainly along the scratches. It was observed that the nucleation 

density on the substrate obtained by nanodiamond seeding was so high that it led to 

coalescence of the nanodiamond clusters, which nearly formed a thin film, as shown 

in Fig. 1(c). It was found that the nanodiamond seeding is a highly effective method 

for achieving high nucleation densities resulting in uniform growth of diamond films. 

Fig. 2 shows the morphological features of diamond crystals grown on a 

substrate simultaneously seeded by the diamond scratching procedure and 

nanodiamond seeding technique (right part) after incubation for 10 minutes. The 

seeding method was a two step process: firstly, the Si substrate was coated with 

nanodiamond seeds through diamond scratching using the diamond abrasion paste and 

subsequent ultrasonic cleaning; secondly, a part of the substrate was quickly dipped 

into the aqueous nanodiamond solution and dried subsequently. The nanodiamond 

seeding technique gave rise to more diamond nucleation sites. This favored their 

subsequent coalescence and led to the growth of a uniform diamond film. In contrast, 

diamond growth on the substrate seeded by the diamond scratching procedure 



involved the formation of diamond microspheres that they did not coalesce into a 

uniform film. As reported in our previous study, the diamond microspheres, obtained 

through diamond seeding, had porous aggregate structures and exhibited unique 

chemical properties [23]. Therefore, different diamond crystal shapes can be achieved 

by controlling the nucleation densities through different seeding techniques. 

As reported by other workers, the relative growth rates in the [100] and [111] 

directions can also determine the crystal shape [24-26]. However, it is still urgently 

needed to give sufficient details about crystal shape evolution in order to depict the 

crystal growth mechanism. In this study, the shape evolution of diamond grains was 

thoroughly investigated. The effect of the relative growth rates on the change in the 

diamond crystal shape from rough octahedron through cubo-octahedron to cube was 

also assessed. The crystal shapes obtained are consistent with the specific surface 

energy of the respective growing planes, and they can be tailored to meet the 

requirements for different applications. As seen in Fig. 3(a), after incubation for 10 

minutes, the diamond nuclei formed on the silicon substrate via the seeding technique 

led to the deposition of a diamond film with rough octahedral structures. The 

morphology of the diamond film varied with process time. As shown in Fig. 3(b)-(d), 

the crystal shape evolved from octahedron into cubo-octahedron after 60 minutes. The 

Fig. 3(d) shows that the triangular rough portions of the octahedral surface were 

composed of the {111} and {100} faces of diamond, while the smooth square 

portions were cubic {100} faces of diamond. The cubic {100} planes of diamond 

were formed on the top of the pyramid-like structures and were parallel to the silicon 

substrate. 

Fig. 4 shows the schematic illustrations of the changes in crystal morphology as 

a function of the relative growth rate of constituent crystallographic planes. According 



to a geometric model, the variation in the crystal shape from octahedron through 

cubo-octahedron to cube was determined by considering the growth ratio of {111} to 

{100} faces in their normal directions, and the model can be used as a guide to adjust 

the growth rates, times, and crystal orientation[27,28]. Similarly, the octahedron, 

cubo-octahedron and cube structures were determined by the ratio R{111} /R{100} which 

was equal to 1 √3⁄ , 2 √3⁄  and √3, respectively [29]. The corresponding schematic 

diagrams are shown in the Supplementary Information section (Fig. S2). Essentially, 

the growth ratio agrees with the specific surface energy of each growing plane based 

on the Gibbs-Curie-Wulff law [30]. The ratio of total surface energy to volume is the 

most important factor in determining the morphology during the nucleation stage. The 

lowest ratio corresponds to the octahedron structure, which is mainly composed of 

{111} crystallographic planes. Therefore, the initially formed diamond crystal shape 

was an octahedral thermodynamic equilibrium shape.  

As shown in Fig. 4(a), the rough portions of the octahedral surface of fabricated 

diamond crystals were composed of {111} and {100} planes of diamond with the 

{111} planes being the dominant faces. A schematic illustration of the shape-

evolution from rough octahedral to cubo-octahedral is depicted in Fig. 4(b), which 

shows the development of {100} planes on rough octahedral surfaces. As the ratios of 

R{111} /R{100} ranged from 1 √3⁄  to 2 √3⁄ , the {111} faces became significantly 

replaced by the constant growth of {100} faces, which were the preferential planes. 

As the growth process progressed, the rough octahedral structures evolved into 

smooth cube {100} faces of diamond. A schematic illustration of this evolution is 

shown in Fig. 4(c). The most favorable sites for deposition of active hydrocarbon 

radicals to form diamond crystals are steps, especially kinks or ledges. The rapid 

growth of the ledges or kinks will lead to the formation of flat {100} faces [31,32]. 



Fig. 4(d) is a schematic illustration showing the gradual development of {110} planes 

on the {111} faces during diamond grain growth. The {110} planes preferentially 

appeared at the edge of cubo-octahedral faces as the growth ratio of R{111} /R{100} 

ranged from 2 √3⁄  to √3. The foregoing balance of the growth rates may be locally 

disrupted by the dominant growth of {110} planes. However, highly ordered 

columnar diamond crystals were fabricated under suitable growth conditions. 

In this study, the diamond film composed of highly ordered columnar crystals 

was fabricated by using the aforementioned methods while varying the process 

parameters (Table 1) in order to control the crystal growth. As shown in Fig. 3(a), 

rough octahedral structures were formed during the incubation stage; the triangular 

rough portions of octahedral surfaces were composed of the dominant {111} faces 

and concomitant {100} faces. The appearance of {100} facets on the {111} faces was 

a good evidence of the presence of {100} planes on the rough {111} faces. As shown 

in Fig. 3(b)-(d), when the growth ratios of R{111} /R{100} ranged from 1 √3⁄  to √3, the 

{111} faces were significantly reduced and the {100} faces became the preferential 

appearance. The cubic {100} faces, which appeared on the peaks of the octahedral 

structures, were very flat and smooth, while octahedral {111} faces were rough and 

irregular because of the interception of the two constituent crystallographic planes of 

{111} and {100}. As shown in Fig. 3(d), the {111} faces of diamond can be divided 

into {110} and {100} planes during the crystal growth procedure leading to the 

formation of cubic crystals as shown in Fig. 4(d). 

In order to fabricate highly ordered porous diamond films composed of vertically 

aligned diamond nanocrystals, a simple method involving a two-step etching 

treatment was developed. As shown in the schematic in Fig. 5, the textured diamond 

film deposited by MPCVD was used as a placode: the first step of the heat treatment 



which took place in air aimed to remove the diamond nanoparticles and non-

diamond carbon impurities by oxidation, and the second step involved hydrogen 

atoms etching treatment in hydrogen plasma in order to fabricate highly ordered 

diamond nanocrystals. This two-step treatment enabled the formation of ordered, 

dense nanocrystals on the diamond surface without the aid of a mask or catalyst. 

Fig. 6(a) shows the textured diamond film deposited after 60 minutes. The highly 

ordered textures seen in the SEM image suggest that the surface of the fabricated 

diamond film was due to the coalescence of vertically aligned columnar grains. The 

top of the columnar grains grew into cubic-smooth {100} planes of diamond which 

were parallel to the silicon substrate. The diamond nanoparticles and non-

diamond carbon impurities lied between the diamond columnar grains in the diamond 

film.  

The effect of the duration of the thermal treatment of fabricated textured 

diamond films on the removal of diamond nanoparticles and non-

diamond type carbon impurities was investigated. As shown in Fig. 6(b), the textured 

diamond film was oxidized in air at 500 °C for 3 h. The carbon impurities found 

between the diamond columnar grains were removed, and diamond columnar arrays 

were subsequently formed, as shown in the magnified illustration of Fig. 6(b). In 

order to evaluate the effect of the oxidation temperature on the resulting diamond 

structure, the diamond film was exposed to air at 550 °C for the same times. As seen 

in Fig. 6(c), in the case of the diamond film thermally etched at 550 °C in air for 3 h, 

the diamond columnar grains were also sculptured, and the quadrate pillars evolved 

into tapered structures. So far, ordered fabricated diamond arrays are achieved via the 

oxygenation method; however, diamond films are intrinsically hydrophilic in the 

oxidized state. In order to investigate the special switchable wettability of porous 



ordered diamond nanocrystals, the oxidized samples were subsequently etched in 

hydrogen plasma for 2 h. As shown in Fig. 6(d), the diamond arrays were transformed 

into nanoporous structures after etching in hydrogen plasma. The pores of the 

hydrogen-treated diamond film are larger than 3 nm and have a wide size distribution 

from 3 nm to 31nm as shown in Fig. S3. The results indicate highly ordered 

mesoporous structures. Additionally, the nanoporous diamond film was considered to 

be hydrogenated due to the long hydrogen plasma treatment. Hence, the hydrogenated 

nanoporous diamond film fabricated via oxidation and subsequent hydrogen plasma 

etching were expected to have special switchable wettability properties. 

In order to investigate the effect of non-diamond carbon impurities on the water 

repellence of fabricated diamond films, the atomic structure of carbon in the test 

specimens was evaluated by Raman spectroscopy. Fig. 7 presents the Raman spectra 

corresponding to the treated diamond surfaces under the different etching steps shown 

in Fig. 7(a)-(d). From the Raman spectroscopy results, the peak at 1332 cm-1 is 

attributed to diamond, with no other carbon-related peaks present [33]. Based on the 

insets in Fig. 7 showing the Raman spectra between 1400 cm-1 and 1700 cm-1, a 

substantial reduction in the graphite-like phase was confirmed based on the low 

intensity of the G-peak [34,35]. Hence, the hydrophobicity of the fabricated diamond 

films was not related to the presence of non-diamond carbon impurities in the films. 

Hydrophobicity was rather attributed to the hydrogenation of diamond films and their 

hierarchical structures. 

It is to be noted that hydrogenated diamond is intrinsically hydrophobic. In the 

oxidized state, however, diamond becomes hydrophilic [36]. In order to investigate 

the effect of the surface structures on hydrophobicity, the test diamond specimens 

were kept hydrogenated. The diamond films oxidized in air were subsequently 



hydrogenated via etching in hydrogen plasma for 5 minutes. Given that the etching 

time was short, the structure of the surface of diamond films was not significantly 

altered during the etching process in hydrogen plasma. The contact angles of 

fabricated hydrogenated diamond films with different structures are shown in Fig. S4. 

The wettability of hydrogenated samples under different treatment conditions is 

depicted in Fig. 8. It was found that the ordered diamond nanocrystals were highly 

hydrophobic having a contact angle of 138.5°. Hence, the hydrophobicity of thermally 

etched diamond films was superior to that previously reported for unmodified 

diamond films [5,37]. The hydrophobicity of diamond films increased with increasing 

surface roughness. Additionally, the water contact angle of oxidized diamond 

nanocrystals was smaller than 3° (Fig. S5). As shown in Fig. 8, the water contact 

angle ranged from 3°, for oxidized diamond film surfaces, to 138.5° for hydrogenated 

diamond films. Hence, synthetic diamond films with switchable wettability were 

fabricated. 

4. Conclusions 

Highly ordered polycrystalline diamond films have been fabricated via a two-

step process including orientated seed growth during the incubation stage followed by 

ordered diamond film growth. The shape-evolution of diamond grains was 

responsible for the changes in the crystal shape from octahedron through cubo-

octahedron to cube. The appearance of {100} facets on {111} faces was a strong 

evidence for the presence of {100} planes on the rough {111} faces. The rough 

portions of the octahedral surfaces were composed of {111} and {100} planes of 

diamond. The division of the {111} faces of diamond into {110} planes and {100} 

planes explained the appearance of cube crystals along with cubo-octahedral crystals 

during the growth stage. Therefore, it is crucial to control the growth conditions in 



order to obtain highly textured diamond films. Textured, highly ordered diamond 

films were modified into nanoporous films via thermal etching in air and subsequent 

reactive ion etching in hydrogen plasma. The hydrogenated diamond nanocrystals 

exhibited extreme water repellence with a contact angle of 138.5°. However, in the 

oxidized state, the diamond surfaces became hydrophilic, and the contact angle was 

lower than 3°. Hence, highly ordered nanoporous diamond films with switchable 

wettability can be fabricated, which increases the potential for use in various 

applications. 
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Fig. 1 SEM micrographs of diamond nucleation densities on silicon substrates seeded 

by different techniques: (a) silicon substrate seeded by the diamond scratching 

procedure, (b) magnified SEM image of a typical scratch, (c) silicon substrate seeded 

by the nanodiamond seeding technique. 

 

 

 

 

Fig. 2 SEM image of diamond crystals deposited after incubation for 10 minutes. 

Silicon substrate was simultaneously seeded by the diamond scratching procedure (on 

the left) and nanodiamond seeding technique resulting in the growth of a diamond 

film (on the right).  

 

 

 



 

Fig. 3 SEM images of the diamond crystal morphology obtained under the same 

deposition conditions for different growth times: (a) 10 minutes, (b) 20 minutes, (c) 

30 minutes and (d) 60 minutes. 



 

Fig. 4 Schematic illustration of the changes in crystal morphology with the relative 

growth rate of constituent crystallographic planes: (a) a part of rough octahedral 

diamond grain, (b) the shape-evolution of diamond crystals from octahedral to cubo-

octahedral configurations, (c) the crystal shape with rough {111} and smooth-cubic 

{100} faces and (d) the gradual development of {110} planes on the {111} faces 

during diamond grain growth. 

 



 

Fig. 5 Schematic illustration of the fabrication process for porous diamond films via 

thermal etching in air and subsequent reactive ion etching in hydrogen plasma. The 

final film consists of highly ordered diamond nanocrystals. 

 



 

Fig. 6 SEM images of the textured diamond film after etching under different etching 

conditions: (a) as-fabricated diamond film, (b) diamond film thermally etched at 

500 °C in air for 3 h, (c) diamond film thermally etched at 550 °C in air for 3 h, (d) 

diamond film modified via reactive ion etching at 600 °C in hydrogen plasma for 2 h. 

 



 

Fig. 7 Raman spectra of untreated and treated synthetic diamond surfaces. (a) as-

fabricated diamond film, (b) diamond film thermally etched at 500 °C in air for 3 h, (c) 

diamond film thermally etched at 550 °C in air for 3 h and (d) diamond film etched at 

600 °C in hydrogen plasma for 2 h. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 8 The water contact angle range for single diamond crystals and porous diamond 

films. Low and high values correspond to diamond surfaces modified via oxidation 

and hydrogenation, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1 Process parameters for the deposition of textured diamond films on silica 

substrates during the incubation and growth stages. 

Parameter Incubation stage Growth stage 

Microwave power (W) 3800 3800 

Total flow (sccm) 200 200 

H2 flow (sccm) 188 196 

CH4 flow (sccm) 12 4 

Pressure (mbar) 195 165 

Temperature (°C) 1000 850 

Duration (min) 10 10-60 

 

 

 

Table 2 Etching process parameters for the fabrication of diamond films. 

Parameter Step 1 (in air) Step 2 (in air) Step 3 (in H plasma) 

Temperature (°C) 500 550 600 

Duration (min) 180 180 120 

 

 

 

Table 3 Process parameters of H plasma treatment 

Parameter               

Microwave power (W) 2000 

H2 flow (sccm) 200 

Pressure (mbar) 120 

Temperature (°C) 600 

Time (min) 120 

 

 




