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Abstract: Periodic nitrogen-doped homoepitaxial nano-multilayers were grown by microwave plasma chemical vapor deposition. The residual time of gases (such as CH4 and N2) in the chamber was determined by optical emission spectroscopy to determine the nano-multilayer growth process, and thin, nanoscale nitrogen-doped layers were obtained. The highest toughness of 18.2 MPa∙m1/2 under a Young’s modulus of 1000 GPa is obtained when the single-layer thickness of periodic nitrogen-doped nano-multilayers is about 96 nm. The fracture toughness of periodic nitrogen-doped CVD layer is about 2.1 times that of the HPHT seed substrate. Alternating tensile and compressive stresses are derived from periodic nitrogen doping; hence, the fracture toughness is significantly improved. Single-crystal diamond with a high toughness demonstrates wide application prospects for high-pressure anvils and single-point diamond cutting tools.
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1. Introduction
Diamond exhibits a high Young’s modulus and hardness [1]; hence, it exhibits several important applications, including fine grinding materials [2], high-hardness cutting tools [3], various drills [4–5], and wire drawing molds [6] and so on [7–9]. However, in case of considerable deformation, brittle fracture can be easily caused [10]. The multi-layered method has been successfully employed to improve the hardness and toughness of ceramic coatings [11]. To improve the toughness of single-crystal diamond (SCD), the periodic growth of nitrogen-doped layers was adopted [12]. The thickness of a single nitrogen-doped layer was ~650 nm. The fracture toughness of an SCD prepared by chemical vapor deposition (CVD) is improved by this method. To further improve the toughness of SCD, it is crucial to further reduce the thickness of the nitrogen-doped layer and increase the nitrogen doping cycles within a certain thickness to completely reflect the strengthening and toughening effects of nitrogen-doped nano-multilayers.
Currently, a quartz-tube microwave plasma chemical vapor deposition (MPCVD) system has been utilized to grow multilayered nitrogen-doped layers [13–14]. The single-layer thickness of the nitrogen-doped layer is 50–100 nm. The main feature of the reactor is that the gas mixture is switched by an electrically controlled rapid gas switch, and the discharge is maintained in a laminar, making it possible to attain the residence time of the gas mixture in the reactor in ~5 s. Hence, it is possible to obtain nitrogen- or boron-doped delta layers with sharp boundaries [15].
However, for the currently used quartz bell jar and metal resonator CVD system, it is impossible to form nitrogen-doped layers with clear boundaries by simply switching the nitrogen flow meter switch [12]. This leads to a slow process for the change in the nitrogen concentration between nitrogen-doped and non-nitrogen-doped layers. Therefore, to obtain nitrogen-doped layers with an extremely low thickness at a high growth rate, it is crucial to find an appropriate process to achieve the periodic doping of the nitrogen nano-multilayer structure, which can improve the toughness of CVD-prepared SCD.
2. Experimental
A home-made 2.45 GHz quartz bell jar microwave plasma reactor was used for experiments. Ib-type high-pressure–high-temperature (HPHT) diamond substrates with a (100) orientation and a size of 4.0 mm × 4.0 mm × 1.0 mm were purchased from SINO CRYSTAL (Zhengzhou, China). Before the CVD growth of diamond, the substrates were subjected to mechanical polishing to obtain smooth surfaces. Substrates with an Ra ≈ 2 nm were used for CVD diamond growth. All experiments were performed at a microwave power of 2.1 kW and a gas pressure of 10 kPa. Substrate temperatures were controlled in the range of 750–845C by adjusting the thermal barrier. The hydrogen flow was 300 standard cubic centimeter per minute (sccm), the methane flow was 3 sccm, and the nitrogen flows were 0.12 and 0.15 sccm. We use a flowmeter with full scale of 5 sccm or 10 sccm to adjust the gas flow, and such small gas flow was within the allowable range of error. Fig. 1 shows the schematic of the CVD nano-multilayer SCD grown by periodic nitrogen doping.
The gas-phase species in the plasma were determined by optical emission spectroscopy (OES). The morphology of indentation and surface of samples were observed by scanning probe microscopy and laser confocal microscopy, respectively. The micro-Vickers hardness tester was used to measure the Vickers hardness (HV) and fracture toughness (KIC) with a load of 9.8 N and a dwell time of 10 s. HV and KIC were obtained from the equation [16–17]: HV = 1854∙P/a2, KIC = (0.016 ± 0.004)∙(E/HV)1/2∙(P/b3/2), where P is the applied load, N; a  is the arithmetic mean of the two diagonals of the Vickers indentation, μm; E is the Young’s modulus (assumed to be 1000 GPa); b = (b1 + b2)/4, and b1 and b2 are the lengths of the two diagonal cracks. The Young’s modulus of different SCDs was characterized by laser-induced surface acoustic waves (LAwave) (Figs. S1 and S2). Their Young’s modulus was almost the same (1200 GPa), but to compare with previously reported mechanical properties, a Young’s modulus of 1000 GPa was also utilized from literature [18–20]. The Raman mapping of the cross-section of the sample was obtained by laser scanning Raman microscopy under an excitation wavelength of 532 nm and a spatial resolution of 260 nm. The Raman and photoluminescence (PL) spectra were recorded at room temperature at a spectral resolution of 0.4 cm1.
The thickness of the nitrogen-doped layers was determined by secondary-ion mass spectrometry (SIMS), and the resolution of SIMS was 3 nm. The depth profile was analyzed by double focusing magnetic SIMS, Alpha-step 500 surface profiler was used to measure the depth of etching pit. CS+ with energy of 14.5 keV was used for ion sputtering, and single crystal diamond with nitrogen concentration of 5.93  1017 cm-3 was used for quantitative calibration of nitrogen concentration.
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Fig. 1.  Schematic of CVD nano-multilayer single-crystal diamond grown by periodic nitrogen doping. White and light-gray layers correspond to the non-nitrogen-doped and nitrogen-doped layers, respectively. The yellow part corresponds to the Ib-type HPHT seed substrate.

3. Results and discussion
3.1. Growth of periodic nitrogen doped diamond
Eight growth process exploration experiments were performed, four times for nitrogen-doped growth and the remaining four times for non-nitrogen-doped growth. Growth temperatures were 750, 780, 800, and 845C. The surface of nitrogen-doped CVD-grown SCD was smooth and free of defects at a temperature of 845C and a nitrogen flow of 0.12 sccm. Similarly, the growth temperature was determined to be 800C for non-nitrogen doped growth (Figs. S3 and S4 for details of the growth process). When the periodic nitrogen-doped nano-multilayers was grown at the corresponding temperature, the surface of nano-multilayers should be smooth and flat.
When the gas flow meter was switched off, the gas remained in the chamber for a while [21]. Therefore, if the nitrogen flow meter is simply switched to grow the nitrogen-doped and non-nitrogen-doped layers, it is obvious that the change in the nitrogen concentrations between the nitrogen-doped and non-nitrogen-doped layers is relatively flat. To obtain clear nitrogen-doped nano-multilayer boundaries, it is crucial to determine the equilibrium time for filling gas and outflow after switching the flow meter. The intensity of radicals in the optical emission spectrum (OES) of the plasma was investigated to determine whether the chamber contained the gas that produced the corresponding radicals. Hence, the equilibrium time of the gas is calculated [22–23]. For example, CH4 produces C2 radicals and N2 produces CN radicals in the microwave discharge plasma during growth.
[bookmark: OLE_LINK86]Peaks corresponding to CN and C2 peak were observed at 388.3 and 516.5 nm, respectively, in the plasma of the gas passing through CH4 and N2 (Fig. 2). The right inset shows the time dependence of the C2 emission intensity after opening and closing the CH4 flow meter. When the CH4 flow meter was switched off, the intensity of C2 radicals started to decrease and stabilize after 3 min. When the CH4 flow meter was switched on, the intensity of C2 radicals started to increase and stabilized after 1 min. Similarly, the left inset shows the time dependence of the CN emission intensity after opening and closing the N2 flow meter. When the N2 flow meter was switched off, the intensity of CN radicals started to stabilize after 25 min. When the N2 flow meter was switched on, the intensity of CN radicals started to stabilize after 15 min. All emission peaks have corresponding background emission signals. Therefore, when there are no radicals in the chamber, OES can also collect a certain background signal, and the emission intensity is not zero.


Fig. 2.  OES spectrum of the microwave discharge plasma. Right inset shows the time dependence of the C2 emission line (516.5 nm) intensity after opening and closing the CH4 flow meter. Left inset shows the time dependence of the CN emission line (388.3 nm) intensity after opening and closing the N2 flow meter.
[bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK96]The equilibrium time of CH4 in the chamber was considerably less than that of N2. According to this characteristic, the experimental scheme of periodic nitrogen-doped growth was designed. In the chamber with an H2 flow of 300 sccm, an N2 flow of 0.12 sccm was first introduced, and 15 min later, CH4 was introduced, and a nitrogen-doped layer was grown at 845C for 1.5 min. Next, CH4 and N2 flows were switched off at the same time, and after 25 min, CH4 was introduced, and a non-nitrogen-doped layer was grown at 800C for 20 min. Finally, CH4 was switched off. After 5 min, the next cycle of nitrogen-doped and non-nitrogen-doped layers was grown.
Fig. 3(a) shows the surface morphology of the sample with the periodic nitrogen-doped layer. The sample surface did not exhibit defects, and a uniform step flow was formed. Fig. 3(b) shows the SIMS profile of the sample: The thickness of the nitrogen-doped layer was about 96 nm.
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Fig. 3.  (a) Surface morphology of the sample with a periodic nitrogen-doped layer and (b) the SIMS profile of the sample.

3.2. Mechanical properties of single crystal diamond
Fig. 4 shows the typical indentation morphologies of different types of SCD after the Vickers hardness test. The growth parameters of different CVD SCD samples are shown in Table 1. Left inset in Fig. 4 shows the maximum indentation depth of ~500 nm for the HPHT diamond substrate. Unlike other types of diamond, periodic nitrogen-doped SCD exhibited only square cracks along the <110> direction and almost no cross-like cracks along the <100> direction (Fig. 4(d)).
Table 2 summarizes the HV and KIC on the {100} faces of different types of SCD in the <100> direction. Each sample was tested at least four times, and the corresponding hardness and toughness were obtained by taking the average value. Periodic nitrogen-doped samples with different nitrogen-doped single-layer thicknesses were grown, and their mechanical properties were investigated (Figs. S5 and S6 and Table S1). Compared with that of the HPHT seed substrate ((8.5 ± 2.1) MPa∙m1/2), the fracture toughness of CVD-grown SCD doped with nitrogen ((13.8 ± 2.7) MPa∙m1/2) increased clearly. By periodic nitrogen doping, the thickness of a single nitrogen-doped layer was about 96 nm, and the fracture toughness of the CVD layer ((18.2 ± 1.9) MPa m1/2) was about 2.1 times that of the HPHT seed substrate. This value is increased by ~32% compared with that of the CVD layer doped with the same nitrogen content, but grown by non-periodic nitrogen doping. Fig. S7 shows the correlation curve for the fracture toughness of all samples.
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[bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104]Fig. 4.  Typical indentation morphology of different types of single-crystal diamond after the Vickers hardness test: (a) HPHT seed substrate (Left inset shows the surface profile of indentation, and the maximum indentation depth is ~500 nm); (b) non-nitrogen-doped CVD-grown single-crystal diamond; (c) nitrogen-doped CVD-grown single-crystal diamond at an N2 flow of 0.12 sccm; (d) periodic nitrogen-doped CVD-grown single-crystal diamond with a single nitrogen-doped layer thickness of about 96 nm at an N2 flow of 0.12 sccm.
Table 1.  Growth parameters of different CVD SCD samples
	Sample type
	CH4/H2 ratio / vol%
	H2 / sccm
	N2 / sccm
	Total thickness of the CVD layer / μm

	Non-N-doped CVD SCD
	1
	300
	0
	~6

	N-doped CVD SCD
	1
	300
	0.12
	~6

	Periodic N-doped CVD SCD
	1
	300
	0.12/0/0.12/0/
	~6




Table 2.  Mechanical properties of various single-crystal diamond samples
	Sample type
	HV / GPa
	KIC / (MPa∙m1/2)

	HPHT seed substrate
	98.0 ± 22.8
	8.5 ± 2.1

	Non-N-doped CVD SCD
	88.6 ± 3.9
	11.9 ± 1.7

	N-doped CVD SCD
	90.8 ± 4.1
	13.8 ± 2.7

	Periodic N-doped CVD SCD
	83.9 ± 11.4
	18.2 ± 1.9



3.3. Toughness enhancement mechanism
Nitrogen atoms cause the lattice expansion of diamond (Fig. S8). The distribution control of the impurities in diamond can strengthen diamond. By the formation of a nitrogen-doped thin layer on impurity-free diamond, a large compressive stress is produced on the diamond surface, which can improve the toughness of diamond [24–25]. 
[bookmark: OLE_LINK5]Considering the spatial resolution and spectral resolution of the Raman spectrum, periodic nitrogen-doped SCD with a single nitrogen-doped layer thickness of 700 nm was grown. The deposition conditions were as follows: the flow rates of H2, CH4, and N2 were 300 sccm, 3 sccm, and 0.15 sccm. Respectively; the total thickness of periodic nitrogen-doped CVD layer was 33 μm. Raman and PL spectra of nitrogen-doped CVD layer were measured (Fig. S9). Fig. 5 shows the Raman mapping of the fluorescence intensity of the NV0 defect of the cross-section of the sample: Alternately grown nitrogen-doped and non-nitrogen-doped layers are clearly visible.
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[bookmark: OLE_LINK114][bookmark: OLE_LINK115]Fig. 5.  Laser-scanning Raman image shows the Raman mapping of the fluorescence intensity of the NV0 defect of the cross-section of sample grown by periodic nitrogen doping. Positions of a, c, and e correspond to the non-nitrogen-doped layers, and the positions of b, d, and f correspond to the nitrogen-doped layers.
Fig. 6(a) shows the Raman spectrum of the first-order phonon peak of diamond in nitrogen-doped and non-nitrogen-doped layers at different points. The biaxial stress values for the periodic nitrogen-doped and non-nitrogen-doped layers were determined from the equation [26]: F = 0.61 GPa/cm1. In nitrogen-doped layers, the diamond peak shifted to 1333.1 cm1, corresponding to a compressive stress level of 0.37 GPa. In non-nitrogen-doped layers, the diamond peak shifted to 1332.1 cm1, corresponding to a tensile stress level of 0.24 GPa. Periodic compressive–tensile stresses were formed at the periodic nitrogen-doped and non-nitrogen-doped layers (Fig. 6(b)). When nitrogen is doped on the diamond surface, compressive stress is formed on the diamond surface, which plays a role in toughening diamond. The alternate change in the stress relaxation leads to the decrease in the hardness and sharp increase in the toughness, which has more practical significance for diamond with sufficiently hardness in expanding its application.



Fig. 6.  (a) Raman spectrum of the first-order phonon peak of diamond in nitrogen-doped and non-nitrogen-doped layers at different points. (b) Stress of nitrogen-doped and non-nitrogen-doped layers at different points.

4. Conclusion
In summary, based on the residual times of CH4 and N2 in the chamber, an experimental scheme for the CVD-grown SCD by periodic nitrogen doping is designed in a quartz bell jar microwave plasma reactor. A periodic nitrogen-doped CVD-grown SCD with a single nitrogen-doped layer thickness of about 96 nm is grown, and a uniform step flow is formed on the diamond surface. The fracture toughness of periodic nitrogen-doped CVD layer ((18.2 ± 1.9) MPa∙m1/2) is about 2.1 times that of the HPHT seed substrate. This value is increased by ~32% compared with that of the CVD layer doped with the same nitrogen content, but grown by non-periodic nitrogen doping. The periodic change in the components on the nanoscale leads to the increase in toughness. Periodic compressive–tensile stress is formed at the periodic nitrogen-doped and non-nitrogen-doped layers, which is the mechanism for the further improvement in the toughness of diamond.
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