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Abstract: Diamond is a material with excellent performances which attracts the attention from 

researchers for decades. Pt (111), owing to its catalytic activity on diamond synthesis, is regarded to 

be a candidate for diamond hetero-epitaxity, which can enhance nucleation density. Molten surface 

at diamond growth temperature can also improve mobility and aggregation capability of primitive 

nuclei. Generally, (100)-oriented is welcomed for the achivement of high quality and large size 

diamond, since the formation of defects and twins are prevented. First-principle calculations and 

experimental researches were carried out for the study of transformation of orientation. The 

transformation from {111} to {100}-oriented diamond has been observed on Pt (111) substrate, which 

can be promoted by the increase of carbon source concentration and substrate temperature. The 

process is energetic favorable, which may provides a way towards large-scale (100) diamond films. 
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1. Introduction 

Consisted of C sp3 bonds[1], diamond possesses plenty of outstanding performances, like high 

hardness[2], thermal conductivity[3] and structural stability[4], thus can be applied in a variety of fields, 

such as tools[5], heat sink[6], sensors[7, 8] and optoelectronic devices[9, 10] for high-tech industry. Taking 

structural integrity into consideration, epitaxial films and even single crystal diamonds (SCD) are in 

great need[11], owing to the lack of grain boundaries and less impurities[12]. 

There are two approaches towards SCD, namely High Pressure High Temperature (HPHT) and 

Chemical Vapor Deposition (CVD) methods[13]. The harsh synthesis conditions of HPHT is a barrier 

preventing the further expansion of crystal size, while CVD provides a solution to this problem[14]. 

To bypass the size limitation of diamond seeds, hetero-epitaxity is regarded an option, then, choosing 

a proper foreign substrate will be the first step. 

The catalytic performance of substrate materials has a positive effect on the primitive nuclei 

formation and nucleation density of diamond. Despite a large number of alternatives, such as Si[15, 16], 

SiC[17], or Ir[18-20], Pt[21, 22], with a strong catalytic effect on hydrocarbons, is often used as the metal 

catalyst for the synthesis of HPHT diamond, which can greatly increase the nucleation density of 

diamond, so that the nucleation stage can proceed directly without bias to reduce substrate damage. 

It can also prevent the formation of graphite in the initial stage of CVD, providing an excellent 

bonding strength with the sediment. In addition, during the nucleation stage of CVD diamond, due 

to the melting state of Pt surface, the position and orientation of small diamond particles can easily 

change and adjust, which benefits the orientation consistency[23]. 

However, although Pt(111) has been commercialized as a standard substrate for the growth of 

ferroelectric materials[24, 25], difficulties are still exist in the preparation of Pt(100) substrate. If the 

transformation from diamond {111} to {100} can be achieved during growth process, large-size and 

high quality epitaxial diamond films are expected to obtain. 
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2. Calculation and Experimental Details 

2.1. Models and First-principle Calculations Details 

The model of diamond unit cell whose corner atoms were cut off to expose {111} crystal faces 

was created. Then the corner atoms were added subsequently until a complete structure with the 

outer surfaces of {100} was achieved, and the formation energies were recorded during the process.  

First-principle calculations were performed by CASTEP based on density functional theory 

(DFT). Generalized gradient approximation (GGA) method was used to cover the geometry 

optimization, and Perdew, Burke, Ernzerhof (PBE) functional was employed for exchange-correlation 

energy. The interaction between ions and valence electrons was described by OTFG ultrasoft 

pseudopotential. To calculate interfacial structures, the cut-off energy was set to 400 eV, and the 

Monkhorst-Pack k-point sampling was chosen as 5×5×5 grid. In addition, two adjacent slabs are 

separated by placing in a cube box with a side length of 10 Å to avoid interaction between slabs and 

its period images. The convergence tolerances of energy, maximum force, stress, and displacement 

were set to 1×10-5 eV/atom, 0.03 eV/Å, 0.05 GPa and 0.001 Å, respectively. 

2.2. Experimental Details 

The 10 mm × 10 mm × 0.5 mm Pt(111)(200 nm)/Ti(50 nm)/SiO2(500 nm)/Si(100) wafers purchased 

from Hefei Kejing Materials Technology CO.,LTD, Hefei, China was employed as the substrates of 

diamond growth. The diamond films were deposited in a 2.45GHz, 6kW Ardis300 coaxial cavity 

resonator type microwave plasma chemical vapour deposition (MPCVD) research device. Since 

methane concentration and substrate temperature are the two most important factors affecting the facet 

index of diamond crystals surface, these two parameters were changed and detailed conditions for each 

sample are shown in Table 1. 

Table 1. Detailed preparation conditions for diamond film samples. 

Sample 

Number 

Methane 

Concentration 

/% 

Pressure 

/mbar 

Substrate 

Temperature 

/°C 

Microwave 

Power /W 

Deposite 

Time /h 

1 2 

112 

850 

2500 30 

2 3 850 

3 4 850 

4 4 800 

5 4 900 

The structure tests were carried out by an Empyrean X-ray diffractometer with a thin film analysis 

accessory made by the Dutch company Panalytical so that the grazing incidence X-ray diffraction 

(GIXRD) pattern can be measured. The Raman spectrometer HORIBA Jobin-Yvon LabRAM HR 

Evolution by HORIBA Scientific was used to analyze the quantity of deposit. HELIOS NanoLab 600i 

scanning electron microscope by FEI, America was employed to investigate surface topography. 

3. Results and Discussion 

3.1. Formation energy in transformation from diamond (111) to (100) 

To get further insight into the outer surfaces of CVD diamond crystals, growth rate ratio of (100) 

and (111) facets α is usually defined as: 

𝛼 = √3
𝑉(100)

𝑉(111)

,                                                                                    (1) 

V(100) and V(111) stand for the growth rates of (100) and (111) facets respectively, which are controlled 

by different precursors, namely [CH3] and [C2H2]. When [C2H2] / [CH3] is higher than a certain value, 

making α ≤ 1/3, (111) facets grow at a high speed, resulting in the exposure of (100) facets completely. 
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The ratio [C2H2] / [CH3] is related to substrate temperature and methane concentration, so changes in 

these two parameters can accelerate the transformation of preferred orientation.  

The atomic structure evolution as well as step-by-step formation energy during transformation 

from diamond (111) to (100) was also investigated, in which process, C atoms are gradually attached 

on the surface of diamond {111} crystal planes and eventually achieve a structure covered with {100} 

sufaces. The formation energy can be calculated as Equation (2): 

∆𝐸𝑠𝑡𝑒𝑝−𝑏𝑦−𝑠𝑡𝑒𝑝 = 𝐸𝑛 − (𝐸𝑛−1 + 𝐸𝑐𝑎𝑟𝑏𝑜𝑛),                                                     (2) 

ΔEstep-by-step is the energy difference caused by the attachment and bonding of new carbon atoms, En 

and En-1 are the energies of the newly formed and previous configurations after or before adsorption, 

while Ecarbon stands for the energy of a single carbon atom adsorbed during each step. From Figure 

1, the energy is decreasing at each step, indicating that the gradual growth of the film is a spontaneous 

exothermic process. 

 

Figure 1. (Colour online) Energy profile of the transformation from diamond {111} to {100} step-by-

step. The clean surface is set as the reference state with ΔEstep-by-step = 0 eV. The insets (a)-(i) are stable 

configurations of each step, grey balls are the previous carbon cluster, while the orange ones are the 

newly-attached carbon atoms. 

3.2. Nucleation of diamond on Pt(111) 

Nucleation is the first step to diamond hetero-epitaxity. A high nucleation density is an essential 

if large-scale and high quality epitaxial film is required. In order to investigate the nucleation process 

of diamond on Pt (111) substrate, the growth conditions (substrate temperature and methane 

concentration) of Sample 3# were carried out while the sample was taken out and tested to 

understand the nucleation process after 2, 11 and 21 hours, respectively. The morphologies are shown 

in Figure 2. 

Figure 2a illustrates the formation of nuclei, although not so large in quantity, the aggregation 

and self-assembly of nuclei can be found, which is of extreme significance for the formation of 

secondary nuclei in the subsequent stage. Although the self-assembly of particles is very common in 

liquid, it is not easy to observe on solid surface due to limited movement. However, the possibility 

of this process is greatly increased because of the fact that Pt surface can be kept in a molten state at 

diamond growth temperature. 
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As the deposition time goes on, the grain density and size raise obviously, and eventually 

develop into a continuous film. If defects has been preset before deposition (such as the crack in 

Figure 2b), the nuclei will tend to accumulate here, and this is an effective way to enhance nucleation 

density. 

 

Figure 2 (Colour: no need) SEM images of the process of formation of diamond nuclei on Pt (111) with 

(CH4/H2)% = 4% and growth temperature 850°C, the deposition time was (a) 2 h; (b) 11 h; (c) 21 h, 

respectively. Note the difference in the scale of (a). 

Compared with the conventional diamond growth substrates (such as Si, etc.), even without the 

imposition of bias voltage, a relatively high nucleation density on Pt substrate can be acquired. 

Different from the nucleation domain on Ir substrate, the nucleation of diamond on Pt substrate is 

more uniform. Therefore, there is no amorphous region between domains during expanding and 

joining. It would also be easier for the accumulation and adjustment of crystals, which is conducive 

to a regular structure and orientation consistency. 

3.3. Effects of methane concentration and substrate temperature 

Carbon source concentration is an important factor affecting the quality and orientation of CVD 

diamond. The ratio of gas flow rate of carbon source gas CH4 to that of H2 (that is, (CH4/H2)%) is 

usually taken as the standard. Diamond films deposited at the same temperature but under three 

different carbon source concentrations (2%-1#, 3%-2# and 4%-3#) were characterized and analyzed to 

explore the influence on diamond nucleation, growth and orientation. 

Raman spectrum can reflect the purity of diamond film, that is, the content of diamond phase in 

the sample, as shown in Figure 3b. The characteristic peaks at 1332.5 cm-1 represent the attendance of 

diamond in each sample. XRD can accurately distinguish all kinds of crystal orientation and intensity, 

therefore identifying texture and preferential orientation. Figure 3a shows the XRD spectra of 

diamond films. When (CH4/H2)% = 2%, (111) is the main diffraction peak, with another (220) peak but 

(100) signal is absent. With the rise of CH4 concentration, especially when (CH4/H2)% = 4%, (100) 

facets begin to take dominant position, and the diffraction peak intensity of diamond (111) was 

decreased sharply, indicating that the highly (100) oriented diamond film is obtained, which can also 

be verified by SEM image. 

 

Figure 3 (Colour online) Effects of carbon source concentration (CH4/H2)% on diamond films 

deposited on Pt (111) substrate. (a) XRD spectra of samples 1#-3# with different (CH4/H2)% = 2%, 3% 
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and 4% respectively; (b) Raman spectra; (c) SEM image of sample 3# ((CH4/H2)% = 4%, deposition 

temperature 850 °C), on which the squares marked by dotted lines represent some of the (100) 

oriented grains. 

In Figure 3c, quite a number of cubic grains can be identified, which represent the (100) oriented 

crystals. Therefore, with lower concentration of carbon source, the diamond crystals grown on Pt 

(111) substrate are mainly (111) oriented. As carbon source concentration increases, these (111) 

oriented grains gradually grow and transform into (100) orientation. 

Substrate temperature is another contributing factor for the quality of CVD diamond films. At 

different temperatures, competitive growth mechanisms will work at various crystal facets, so 

different orientation will be achieved. From the Raman spectra in Figure 4a, the characteristic peaks 

at ~1332 cm-1 representing diamond phase in the samples grown at 800 °C (4#), 850 °C (3#) and 900 

°C (5#) with the same (CH4/H2)% = 4%. With the increase of growth temperature to 850 or 900 °C, the 

intensity of peaks corresponding to the amorphous carbon decreased significantly compared with 

that at 800 °C. 

Comparing the SEM images showing the surface morphology of samples at different growth 

temperatures, in the case of 800 °C, as shown in Figure 4b, there are triangular and rhombic grains 

on the surface. The triangular ones are that of {111}-oriented facets, while the rhombic grains are the 

morphology of twin formation. However, at the temperature of 850 °C (Figure 3c) and 900 °C (Figure 

4c), almost all the outer surface of diamond grains are {100}-oriented, which demonstrate cubic 

shapes. When the temperature increases to 900 °C, a lot of grains with similar orientations have been 

connected together, and there is a tendency of the formation of continuous film. In addition, some 

trapezoidal grains can be seen, which is the intermediate state from {111} to {100} orientation, 

indicating that the final {100}-oriented grains are transformed from those of {111}-oriented. 

 

Figure 4 (Colour online) Effects of substrate temperature on the morphology of diamond films on Pt 

(111). (a) Raman spectra of samples 3#-5# with different substrate temperature 800, 850 and 900 °C 

respectively, in which (CH4/H2)% = 4%; SEM images of diamond film deposited at (b) 800 °C, 

triangular and rhombic marked by dotted lines represent some of the (111) oriented grains or twin-

crystals; and (c) 900 °C, the square marked by dotted lines represent some of the (100) oriented grains. 

4. Conclusions 

In this paper, the transformation of diamond (111) to (100) orientation has been studied by both 

first-principle calculations and experimental investigations, and the conclusions are as follows: 

(1) The transformation from {111} to {100} for diamond grains outer surface orientation is 

spontaneous and of energetic favorableness; 

(2) Diamond can nucleate on Pt (111) substrate with high density and uniformity, while the 

accumulation of nuclei can be observed; 

(3) The increase of CH4 concentration and growth temperature can promote the rapid growth 

and pinching-out of {111} facets, resulting in the exposure of {100} facets, thus achieving highly-

oriented diamond (100) films. 

Due to the commercialization of high quality Pt (111) substrates whose diameter can reach 5 

inches, the conversion may become a promising approach towards large-scale diamond (100) films. 
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