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Abstract: Single-crystal diamonds were successfully synthesized using microwave plasma 

chemical vapor deposition (MPCVD). A smooth and flat single-crystal surface was obtained by 

optimizing the size relationship between the seed substrate and the square hole of the shielding 

ring. When the sample grows higher than the polycrystalline diamond on the molybdenum holder, 

the surface becomes uneven. The polarization characteristics of two kinds of CVD layers were 

compared between flat and uneven surfaces. Abnormally high-order birefringence occurs in both 

morphologies, which is related to the dislocations density in the CVD layers. The higher 

dislocation density of the sample, the more obvious high-order anomalous birefringence. High 

pressure high temperature (HPHT) seed substrates have obvious defects, such as dislocations, 

stacking faults and boundaries of the growth sector, and these defects are mostly distributed at the 

edge of seed substrates. When the diamond surface demonstrates an edge-to-center morphology, 

the dislocations in the seed substrate, interface-induced dislocations, and dislocations formed in 

the growth layer begin to converge toward the central region of the CVD layer, which results in a 

smaller area of low stress in the center of the CVD layer. High dislocation density causes the 

crystal to have a mosaic structure and orientation deviation. 
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1. Introduction 

Microwave plasma chemical vapor deposition (MPCVD) is an established process that is 

currently the most important method for synthesizing single crystal diamonds [1,2]. In recent 

years, high-quality CVD single crystal diamonds have been used in high-end electronic devices, 

such as power diodes [3] and transistors [4], refractive lenses for synchrotron X-ray sources [5], 

Raman lasers [6], energetic particle detectors [7,8], magnetic sensors [9], and quantum 

information processors [10,11]. Currently, silicon is the preferred material for Bragg diffraction 

due to its effective size and because it provides the perfect lattice. However, diamond has a lower 

absorption coefficient than silicon, higher thermal conductivity, and a lower thermal expansion 

coefficient. If the perfection and size of diamonds could be improved, single crystal diamonds 

would replace silicon in the future [12,13]. Suppressing the defects in diamonds is key for using 

diamonds in next-generation semiconductor devices, thus motivating research on the basic theory 

of CVD single crystal growth diamonds. Currently, research on the basic theory of CVD diamond 

growth is mainly focused on the growth mechanism of CVD single crystal diamonds [14], 

nitrogen doping and its influence on the growth rate of single crystal diamonds [15-17], and 
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controlling defects in single crystal diamonds [18-20]. 

When single crystal diamonds are grown under high pressure and high power density, 

non-epitaxial features are sometimes formed on the top of the grown crystal, resulting in the 

formation of polycrystalline diamonds on the single crystal surface. In severe cases, cracks may 

occur due to stress [21]. The growth is stopped at this point, which will limit the size of the single 

crystal diamond. The geometry of the seed substrate and the discharge location of the plasma will 

affect the synthetic environment of the diamond and the final result of the single crystal synthesis 

[22]. If the microwave discharge is closer to the substrate, the discharge state of the plasma may 

change due to the presence of the substrate and the shape and size of the molybdenum holder. 

Thus, the diamond synthesis process can be changed by changing the size and shape of the 

molybdenum holder [23-25], and this change is realized by controlling the temperature 

distribution of the substrate [26]. It is necessary to optimize the geometric design of the 

molybdenum holder to change the local processing environment around the substrate and stabilize 

the growth environment to promote the growth of high-quality single crystal diamonds at high 

growth rates. 

In this paper, a high-quality single crystal diamond was grown at a high growth rate by 

optimizing the geometric design of the molybdenum holder. The stress distribution and 

crystallization quality of the CVD layer under different growth conditions were compared, and the 

growth process of the high-quality single crystal diamond was optimized. 

 

2. Experimental details 

Single crystal diamonds were grown using a 2.45 GHz, 5 kW microwave plasma CVD 

reactor. The growth temperature was measured with an infrared radiation thermometer (SCIT-1M2 

Infrared thermometer). The seed substrate was (001) oriented 4.0 mm × 4.0 mm × ~ 1.0 mm high 

pressure, high temperature (HPHT) type Ⅰb synthetic single crystal diamond. The substrate was 

cleaned with acetone in an ultrasonic bath and put into the reactor with the substrate holder. The 

reactor system was pumped for 1.5 h to reach a base pressure of ~ 10-4 Pa. High-purity hydrogen 

(6N) and methane (6N) gases were used as the process gas. Then, the seed substrate was etched in 

the plasma for 30 min under H2 flows of 300 sccm and flows of 6 sccm for O2. The size 

relationship between the seed substrate and the square holes of the shielding ring were optimized. 

The input microwave power during the growth was 2.6–2.9 kW. The pressure of the reactor was 

25–27 kPa, and the gas flow rate was 300 sccm for H2, 5% of the H2 flow for CH4. The grown 

sample was laser cut to separate the CVD layer from the seed substrate. The CVD layer was then 

polished, and the surface roughness of the CVD layer after polishing was about 5 nm. 

The surface morphology of the grown diamond was characterized using a Keyence 

VHX-6000 3D Digital Microscope. Birefringence photographs of the CVD layers were measured 

with an Olympus BX51 microscope. The crystalline quality was characterized by the diamond 

(400) rocking curve of the Philips X′Pert MRD Diffractometer high resolution via X-ray 

diffraction using a monochromized Cu-Kα1 X-ray source with a Ge (220) four-crystal 

monochromator. 

An X-ray white topography test was carried out on the HPHT type Ⅰb seed substrate and the 

grown CVD layer, respectively. The main parameters of the test were as follows: the distance from 

the sample to the film was 5.5 cm; the film was produced by FUJI KOGYO, and the film model 

was FUJI-IX50; the storage ring operating parameters were 2.5 GeV and 250 mA; and the 
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distance of the sample from the light source was about 42 meters. 

 

3. Results and discussion 

3.1 The growth of the single crystal diamond 

Fig. 1 shows a schematic diagram of the molybdenum holder. The seed substrate is placed on 

the seed substrate holder. The edge effect of the microwave electric field on the seed substrate is 

reduced by the shielding effect of the shielding ring, which improves the local controllability of 

single crystal diamond synthesis. The seed substrate must be a suitable thermal environment that 

supports a uniform single crystal synthesis process. The size of the shielding ring is important, and 

its dimensions control the local synthesis. An inappropriate space relationship between the square 

hole of the shielding ring and the seed substrate is not conducive to obtaining a single crystal 

diamond with a smooth surface. 

 

Fig. 1. Molybdenum holder diagram for growth of seeded substrate. Ⅰ Seed substrate, Ⅱ Shield 

ring, Ⅲ Seed substrate holder. The upper left corner of the picture is a magnified view of the 

corresponding relationship of the size between the seed substrate and the square hole of the 

shielding ring. d1 is the distance between the surface of the seed substrate and the top surface of 

the shielding ring. d2 is the distance between the side surface of the seed substrate and the inner 

wall of the square hole of the shielding ring. 

The seed substrates were grown with different sizes of shielded ring holes. Based on the 

surface morphology of the as-grown samples, the optimized size relationship between the seed 

substrate and the square hole of the shielding ring was obtained. The dimensions represented by 

d1 and d2 are shown in Fig. 1. The surface morphologies of the samples grown at different d1/d2 

values are shown in Fig. 2. When d1/d2 is equal to 0.7, the surface quality of the as-grown sample 

is better. As shown in Fig. 2 (d), the sample was grown for 50 h and obtained a thickness of ~ 1 

mm, and the growth surface of the sample was smooth and flat with little or no polycrystalline 

edge. As shown in Fig. 2 (a)–(c), when the value of d1/d2 is small, either the edge of the sample is 

covered with polycrystalline diamond and the surface appears poly-crystallization or the growth 

surface is not flat, with a growth morphology from the edge to the center, which reduces the 

surface areas of the samples. Fig. 2 (e) shows that when the d1/d2 value is large, although there is 
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no polycrystalline diamond on the edge of the sample, the growth morphology is two-dimensional 

extended growth, which is not conducive to the growth of high-quality single crystal diamonds. 

Fig. 3 (a), (b), and (c) are magnified views of the surface of the samples in Fig. 2 (a), (d), and (e), 

respectively. When d1/d2 is equal to 0.7, a uniform step-flow growth morphology appears on the 

sample surface, as shown in Fig. 3 (b). 

 

Fig. 2. The growth morphology of the samples at different d1/d2 values. (a) d1/d2=0.1; (b) 

d1/d2=0.3; (c) d1/d2=0.5; (d) d1/d2=0.7; (e) d1/d2=0.9. 

 

 

Fig. 3. (a), (b), and (c) are magnified views of the surface of the samples in Fig. 2 (a), (d), and (e), 

respectively. (a) The morphology of the growth from the edge to the center. (b) The growth 

morphology of uniform step flow. (c) The growth morphology of two-dimensional extended 

growth. 

While the single crystal CVD layer was grown on the substrate surface, a polycrystalline 

diamond was also generated at the edge of the substrate to form a polycrystalline edge. In addition, 

the thickness of both the CVD layer and the polycrystalline edge increased, while the growth 

surface of the single crystal diamond exhibited a center-to-edge morphology. At the same time, the 

polycrystalline edge of the sample grew outward horizontally, and the surface area did not 

decrease. Fig. 4 (a) shows the surface morphology of sample 1 after 50 h of growth, and the 

growth thickness of the sample is 1 mm. As the growth proceeds, the thicker polycrystalline layer 



5 
 

grows on the surface of the shield ring and connects to the edge of the sample. At this point, the 

surface of the sample is almost flush with the polycrystalline layer grown on the shield ring. The 

thickness of the CVD layer continues to increase as the growth progresses, and the surface of the 

sample extends deeper into the plasma. The sample has exceeded the polycrystalline film, and the 

edge effect of the sample is more obvious, which results in a change in the uniformity of the 

surface temperature of the sample. Moreover, the thickness of the polycrystalline edge begins to 

be greater than the thickness of the single crystal surface. When the polycrystalline edge of the 

substrate extends deep into the plasma, the state of the boundary layer between the substrate and 

the plasma changes [23]. This changes the growth conditions, which in turn aggravates the 

inhomogeneity of the surface temperature of the sample. That is, when the surface of the diamond 

exhibits an edge-to-center morphology, the surface becomes uneven. Fig. 4 (b) shows the surface 

morphology of sample 2 after 69 h of growth, and the thickness of the sample is 1.4 mm. As 

shown in Fig. 4 (c) and (d), the difference in height between the center and the edge of sample 2 is 

112 μm, and the surface area is 17% less than the original surface area of the seed substrate. 

 

Fig. 4. Morphology change of the growth surface of the single crystal diamond. (a) After the 

growth of sample 1 for 50 h, the thickness increased by 1 mm, and the surface of the sample was 

flush with the polycrystalline film. (b) After the growth of sample 2 for 69 h, the thickness 

increased by 1.4 mm, and the surface of the sample exceeded the polycrystalline film. The 

polycrystalline edge is higher than the center of the sample surface, showing an edge-to-center 

growth morphology. (c) The difference in height between the center and the edge of sample 2 is 

112 μm. (d) The surface area with no polycrystalline edge of sample 2, which is 17% less than the 

original surface area of the seed substrate. 

 

3.2 Quality analysis of the CVD layers 

Single crystal diamonds grown by CVD often exhibit strain-induced birefringence arising 

from bundles of dislocation [27,28]. CVD layer 1 and CVD layer 2 grown from sample 1 and 
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sample 2 were polished to the same thickness. Both CVD layers exhibit high-order anomalous 

birefringence under crossed polarizers, as shown in Fig. 5. The full width at half maximum 

(FWHM) of rocking curves for CVD layer 1 and CVD layer 2 are 0.013° and 0.032°, respectively, 

as shown in Fig. 6. The dislocation densities calculated according to formula [29] are 8.3 × 106 

cm-2 and 5.3 × 107 cm-2, respectively. It is found that the dislocation density is higher as the 

higher-order anomalous birefringence becomes more obvious. This shows that the higher-order 

anomalous birefringence of the samples has a corresponding relationship with the dislocation 

density. The higher the dislocation density of the sample, the greater the stress and strain, and the 

higher-order anomalous birefringence of the sample is more pronounced (appeared red, green, 

yellow, etc.). The strain field of a bundle of dislocations can be found using isotropic elasticity 

theory. The intensity of birefringence I=E2sin2(2φ)sin2(δ/2), where φ is angle between a principal 

axis of strain and a polarizer and δ is the phase difference between the two polarized components 

of the light ray at the exit of the diamond [30]. The phase difference δ=2π (n1 - n2) t/λ, where n1 

and n2 are the refractive indices of the diamond along the principal directions of strain, t is the 

optical thickness of the CVD layer which is 0.8 mm, and λ is the wavelength of mercury lamp 

which is 550 nm. The refractive indices are related to the strain through the strain-optic coefficient 

pi j, and n1 - n2=-n3 (p11 - p12) (ϵ’11 - ϵ’12)/2, where p11 - p12 is equal to -0.3 [27,31], and ϵ’ii are the 

principal values of the strain tensor and n is the refractive index of the diamond, so δ is related to 

the shear strain (ϵ’11- ϵ’12)/2. Therefore, the strain field is proportional to δ that gives the different 

shear strain field in the different regions of the CVD layer [27]. 

 

Fig. 5. Birefringence photographs of CVD layers with the same thickness obtained after grinding 

and polishing. (a) Birefringence photograph of CVD layer 1 of sample 1. (b) Birefringence 

photograph of CVD layer 2 of sample 2. 
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Fig. 6. The rocking curves of CVD layer 1 and CVD layer 2, respectively, grown on sample 1 and 

sample 2, and the FWHM is 0.013° and 0.032°, respectively. 

The birefringence photograph in Fig. 5 (b) shows that the stress in the middle region of the 

CVD layer 2 is lower than the stress around it. This phenomenon is related to the growth of 

sample 2. X-ray white topography is a method used to examine the microstructure defects of 

crystal material, and it is widely used in the study of the integrity of crystal material [32-34]. Fig. 

7 (a) shows an X-ray white morphology image of HPHT type Ⅰb seed substrate, showing the 

defects of the seed substrate and their distribution. And these defects have been marked, Ⅰ 

dislocations, for single crystal diamonds, the dislocations are more easily distributed in the (111) 

growth sector, Ⅱ growth sector boundaries, Ⅲ stacking faults, Ⅳ strain field of inclusion. Most of 

these defects are distributed outside the (100) growth sector, that is, the edge of the seed substrate. 

Fig. 7 (b) shows the surface morphology of sample 2, as observed from the side. The surface 

morphology is similar to an inverted pyramid pit, and the surface is grown in step flow. The 

schematic diagram of a cross-section of sample 2 along the growth direction is shown in Fig. 7 (c), 

and the direction of dislocation propagation in the CVD layer has changed. When the epitaxial 

CVD layer grows out of polycrystalline diamond on the shielding ring, the thickness of the 

polycrystalline edge of the sample becomes greater than the thickness of its surface. The surface 

becomes uneven and shows an edge-to-center growth morphology. The dislocations in the CVD 

layer above the yellow dashed line begin to bend and converge to the central area, as shown in Fig. 

7 (c). 
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Fig. 7. (a) X-ray white topography image of the seed substrate. The defects in the seed substrate 

have been marked, Ⅰ dislocations, Ⅱ growth sector boundaries, Ⅲ stacking faults, Ⅳ strain field of 

inclusion. (b) The surface morphology of sample 2, as observed from the side. The surface 

morphology is similar to an inverted pyramid pit, and the surface is grown in step flow. (c) A 

schematic diagram of the propagation of dislocation in the epitaxial CVD layer of sample 2. Blue 

lines represent dislocations originating in the seed substrate, while red lines represent dislocations 

originating from the substrate surface. Green lines represent dislocations generated during the 

growth of the CVD layer. When the edge of the sample is higher than the center, the dislocations 

in the CVD layer above the yellow dashed line gather toward the center. 

Fig. 8 shows X-ray white topography images of CVD layer 2. The area of the blue dashed 

line is the central area of CVD layer 2, and its dislocation density is lower than that of the edge, so 

a low stress zone is formed in the central area, as shown in Fig. 8 (a). In Fig. 8 (b), the green 

dashed line indicates the direction of propagation of the dislocations in CVD layer 2, and the 

dislocation lines have been bent and gathered to the central area. 

 

Fig. 8. X-ray white topography images of CVD layer 2. (a) The blue dashed area is the central 

area of CVD layer 2, with a relatively low dislocation density. (b) The green dashed line indicates 

the direction of propagation of the dislocations in CVD layer 2. The dislocation lines have been 

bent and gathered to the central area. 

In order to further analyze the crystal quality of CVD layer 2, the Rocking curve mapping 

test was conducted. Fig. 9 shows the Phi–Omega mapping of CVD layer 2; the inset shows the 

Psi–Omega mapping for the corresponding plot. The scan steps were ω = 0.0004°, Phi = 10°, Psi = 

0.03°, and the Omega scan range is 58.05°–59.94°. It can be seen from the inset of Fig. 9 that the 

Psi–Omega mapping of CVD layer 2 is not perfectly symmetrical, and the highest intensity is 

biased to the left, which indicates that the surface orientation of CVD layer 2 is not exactly the 

same, and there is a small angle deviation. High dislocation density leads to a mosaic structure and 

orientation deviation [35]. 
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Fig. 9. Phi–Omega mapping of CVD layer 2; the inset shows the Psi–Omega mapping for the 

corresponding plot. 

 

4. Conclusion 

The seed substrate is placed in a molybdenum holder with a shield ring. The state of the 

boundary layer between the seed substrate and the plasma is changed by optimizing the size 

relationship between the seed substrate and the square hole of the shielding ring. Hence, the 

surface and edge of the seed substrate are in a relatively uniform heat environment, inhibiting the 

formation of a polycrystalline diamond on the surface of the seed substrate. At the same time, the 

growth surface becomes smooth and flat. This may not result in the growth of a high-quality 

single crystal diamond but also greatly increase the growth thickness. After 50 h of growth, the 

thickness of the sample increases by 1 mm, and the surface exhibits uniform step flow growth 

morphology. After 69 h of growth, the thickness of the sample increases by 1.4 mm, but the 

surface shows an edge-to-center morphology. The difference in height of the center and edge of 

the sample reaches 112 μm, and the surface area decreases by 17% compared with the original 

seed. 

The CVD layers grown at different times were polished to the same thickness. Due to high 

dislocation density, the internal stress and strain are larger, and high-order anomalous 

birefringence appears in both CVD layers. Dislocations of the CVD layer grown from the edge to 

the center are bent, and the dislocations converge toward the central area. A small low-stress zone 

is formed in the central region. The high dislocation density causes a small angular deviation in 

the lattice orientation of the CVD layer, which forms a mosaic structure. 
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