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Abstract

:

In this work, the substrate holders of three principal geometries (flat, pocket, and pedestal) were designed based on E-field simulations. They were fabricated and then tested in microwave plasma-assisted chemical vapor deposition process with the purpose of the homogeneous growth of 100-μm-thick, low-stress polycrystalline diamond film over 2-inch Si substrates with a thickness of 0.35 mm. The effectiveness of each holder design was estimated by the criteria of the PCD film quality, its homogeneity, stress, and the curvature of the resulting “diamond-on-Si” plates. The structure and phase composition of the synthesized samples were studied with scanning electron microscopy and Raman spectroscopy, the curvature was measured using white light interferometry, and the thermal conductivity was measured using the laser flash technique. The proposed pedestal design of the substrate holder could reduce the stress of the thick PCD film down to 1.1–1.4 GPa, which resulted in an extremely low value of displacement for the resulting “diamond-on-Si” plate of Δh = 50 μm. The obtained results may be used for the improvement of already existing, and the design of the novel-type, MPCVD reactors aimed at the growth of large-area thick homogeneous PCD layers and plates for electronic applications.
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1. Introduction


Among all known materials, diamond has a record-high thermal conductivity of up to 24 W/cm·K at room temperature, reaching maximum values of up to 285 W/cm·K at temperatures near 63 K [1]. This makes diamond the material of choice for thermal management applications [2,3,4,5,6]. Solving thermal management problems is especially important for modern electronic devices, operating in extreme regimes, which makes diamond a highly used “cutting-edge” material in electronics [7,8,9,10]. In recent years, great attention in the “Power Electronics” field was directed towards gallium nitride (GaN) devices, as its high electric field strength and electron mobility have already shown tremendous potential for high-frequency communications and photonic applications [11,12]. However, its low thermal conductivity of only 2 W/cm·K at room temperature limits the use of GaN devices in high-performance regimes [12]. Thus, a great prospect to combine GaN devices with diamond thermal management layers may be achieved by the means of layer bonding or the direct growth of diamond layers on GaN heterostructures [13,14,15].



To meet the standards of the electronic industry, the diamond plates or layers should be of the size no less than 2 inches. However, such big diamond single-crystals of high quality cannot be grown with any available techniques, as the biggest commercial diamond crystals do not even reach the size of 1 inch. Although, recently, great progress was achieved in the heteroepitaxial growth of large-area single-crystals [16], the high dislocation density of such samples [17] still limits their use in electronics.



Available and much cheaper alternatives to single-crystal material are polycrystalline diamond (PCD) layers and plates, composed of smaller 10 ÷ 100 μm-sized diamond grains. Although such PCD material inevitably has reduced thermal conductivity [18], the high values for thermal conductivity of thick PCD plates near 20–22 W/cm·K at room temperature are routinely reported [19,20,21], which satisfy the requirements for high-end heat-sinks.



Such PCD material can be synthesized with chemical vapor deposition (CVD) technique either directly on the substrate of the choice, or on the carrier substrate, which is chemically removed after the growth [22,23,24]. The CVD technique allows the formation of large-area layers of high-quality PCD material [21,23]. Although the CVD technology has been developed for more than 30 years [25], the existing CVD machines are still being improved, and novel and unorthodox reactors are constantly being designed [26,27,28,29].



In this work, we pursued the goal of improving the process of microwave plasma-assisted CVD (MPCVD) synthesis of high-quality diamond films in methane-hydrogen reaction gas mixtures to obtain low-stress diamond films with homogeneous structure over the film diameter on thin Si substrates. To this aim, a parametric study of the deposition process, with a variation of gas composition and gas flow rate, substrate temperature, microwave power, and other key parameters commonly is performed. Here, we focus on the role of the substrate holder geometry on the diamond film properties. Specifically, we studied the optimal design of the substrate holder in order to get low-stress ~100-μm-thick PCD film over 2-inch substrates. The main idea of this work reflects the progress in the field of single-crystal diamond growth, where the classical flat holder design [30,31,32] is gradually dismissed in favor of either pedestal- [31,32,33] or pocket-holders [34,35,36,37]. We also note that holder design also has a significant effect on the quality and adhesion of PCD covers on WC-Co cutting tools [38].



Thus, we studied the MPCVD synthesis of PCD films on 2-inch and 0.35-mm-thick Si substrates in different geometries of the substrate holder: pocket-, flat-, and pedestal-type. Numerical simulation was used to find optimal parameters for such holders, which then were fabricated and tested to deposit thick PCD films.




2. Materials and Methods


The three substrate holder geometries are schematically shown in Figure 1. The most simple one is “flat” geometry (Figure 1a), in which the sample is placed on the surface of the flat disk in the center. The idea of the “pocket” geometry (Figure 2b) is to screen the edges of a sample from overheating with an additional “protective ring” as a part of the holder. Such geometry has an additional benefit of preventing the formation of a diamond film on the sides of the sample, which has a negative effect on the consecutive steps of sample processing. The “pedestal” design (Figure 1c) is seemingly quite similar to the flat holder, but it was expected to demonstrate a more intensive edge-effect. However, the pedestal holder allows for bringing the sample closer to the center of the plasma ball.



The electric field (E-field) simulations were performed using the finite element method, with over 9000 elements. Spatial set-up is a generalized axisymmetric model of ARDIS-100 (2.45 GHz, Optosystems Ltd., Troitsk, Russia) reactor cavity shape that includes a portion of the coaxial waveguide. The internal walls of the reactor cavity and waveguide, as well as stage and other highly conductive materials, are represented by perfect electric conductor surfaces. Not highly conductive items, such as silicon substrate, quartz windows, and plastic waveguide centering ring are set separately as bulk materials; the relative permittivity of quartz and plastic is set to 4.2 and 2.2 respectively. The whole geometry replicates the actual reactor up to the coaxial waveguide portion, the end of which is set to excite coaxial 2.45 GHz waves with a total power of 5 kW. There are two goals of simulation: evaluation of E-field strength above the substrate surface and evaluation of the general distribution of fields. As the main measurement in field uniformity, a difference in field strength in the center of the substrate and at 1” distance from the center is used.



Due to the axial symmetry of the flat substrate surface, field distribution is represented as a graph of field strength vs. distance from the substrate center. The main focus was to find the shape of the substrate holder that produces the flattest field distribution while maintaining high absolute values of field strength. Computational automatization was utilized to test a variety of configurations: the heights of both pedestal substrate holder and protective ring in pocket geometry were changed continuously between 0 and 5 mm.



Based on test calculations, three molybdenum substrate holders were fabricated, representing three geometry types. The height of the “stage” for the pedestal holder and protective ring for the pocket-holder were chosen based on the results of the series of calculations to be 2 mm. Each holder was separately tested in MPCVD experiments to grow thick PCD layers.



For that, mirror-polished monocrystalline silicon (111) plates with a thickness of 0.35 mm and a diameter of 2 inches (50.8 mm) were used as substrates for the deposition of PCD films. The formation of the nucleation layer was performed by ultrasonic treatment of substrates in water-based slurries of detonation nanodiamond powders (Daicel, average particle size 5 nm) for 10 min with a consecutive drying in spin-coater SPIN150 (SPS-Europe, Putten, The Netherlands).



The PCD films were synthesized using microwave plasma CVD technique in an ARDIS-100 reactor in CH4/H2 gas mixtures with a constant total gas flow rate of 500 sccm and a methane concentration of 3%. The following range of growth conditions was tested: pressures of 50–65 Torr, and microwave power of 4.4–5 kW. The substrate temperature was measured through a top window with a Micron M770 two-beam pyrometer and was kept at 850 ± 25 °C. The laser interferometry technique was used to control the in situ thickness and growth rate of PCD film (λexc = 655 nm) [39] to estimate the growth time needed to complete the formation of 100-μm-thick PCD film. By the slight adjustment of the growth parameters (MW power and gas pressure), the growth rate was targeted at ~1 m per hour in order to obtain PCD films of high quality, so 100-hour deposition runs were used to obtain each sample. The exact parameters for each design were: (I) flat—4.7 kW, 57 Torr; (II) pocket—4.8 kW, 60 Torr; (III) pedestal—4.5 kW, 55 Torr. After the CVD process, the final thickness of the PCD film was controlled by the mass gain of each sample. It was confirmed that three PCD layers grown with the use of different substrate holders had a similar average thickness of 100 ± 10 μm each.



The phase composition of the obtained films was analyzed at room temperature with micro-Raman spectroscopy using LABRAM HR-800 spectrometer (Horiba Ltd., Kyoto, Japan) equipped with a diode-pumped solid-state laser (λ = 473 nm). The spectrometer operated in a confocal mode, while the laser beam was focused in a spot of ≈1 μm in diameter of the sample surface. The film surface morphology was examined with scanning electron microscopy (SEM) using instrument Tescan MIRA3 (TESCAN, Brno, Czech Republic). The curvature of the resulting “diamond-on-Si” plates was measured with an optical profilometer NewView 5000 (ZYGO Corp., Berwyn, IL, USA).



The thermal conductivity of the PCD sample was measured with a laser flash technique (LFT) method [33,40] on a laboratory-built setup. Specifically, the diffusivity D in the direction perpendicular to the sample surface was determined. A pulsed YAG:Nd laser (wavelength 1.06 μm, pulse width 8 ns) was used for sample surface heating, while the temperature kinetics was monitored with a HgCdTe detector. Before the measurement, the Si substrate was removed by the means of wet etching in HNO3-HF acid mixture, the 10 × 10 mm PCD sample was cut from the central part of the 2-inch PCD plate with CO2 laser, and then thin Ti layers (~400 nm) were deposited on both sides of the sample to enhance the laser absorption and IR emissivity. The thermal conductivity was found according to relation k = DρC, where ρ and C are the density and temperature-dependent specific heat of diamond, respectively.




3. Results


3.1. E-Field Calculations


The performed E-field calculations were used to find the optimal design of substrate holders for chosen geometries (Figure 2). We found that the heights (h as shown in Figure 1) of the protective ring in pocket geometry (Figure 2b) should not exceed 2–3 mm, as in deeper pockets the sample itself becomes screened from the plasma by the protective ring. In this case, E-field nonuniformity calculated as E/E = (Ecenter − Eedge)/Ecenter (see insets in Figure 2) may exceed 50%. On the contrary, simulated holders with a high pedestal (Figure 2c) surprisingly demonstrate improved homogeneity of E-field above the sample. With the purpose of clearly observing the effect of substrate holder choice on the structure of grown PCD films, we compromised by using similar but somewhat sub-optimal 2 mm height for both ring and pedestal in further calculations and CVD experiments.



Although E-field distribution is quite inhomogeneous in the center of the reactor chamber, the most influential part of the plasma cloud for the CVD synthesis process is a zone directly above the substrate. Such distribution of the electric field over the sample surfaces for each geometry is shown in Figure 3. We found that pocket geometry succeeding in protecting the edges of the sample, but had a downside of uneven distribution of the electric field over the sample (40% drop from the center to edges). For both flat geometry and pedestal geometry, an increase in E-field is noted near the edge of the sample. However, by the proper choice of process parameters (gas pressure, MW power, and pedestal diameter) we can move the border of such an intensity jump beyond the edge of the 2-inch sample. In this case, even in flat design, the distribution of the E-field above the sample can be relatively even. Furthermore, the pedestal geometry allows the E-field to be even more homogeneous and, on average, slightly more intensive, with the only drawback of intensifying the edge effect on the border of the pedestal. At this point, we should note that the MPCVD process has rather complicated plasma chemistry [41,42], and the choice of substrate holder should not be made based only on E-field calculations. Thus, the designed substrate holders were fabricated and tested in actual CVD experiments.




3.2. CVD Synthesis of Thick Diamond Layers


Three fabricated holders were used for the separate growth of 100-μm-thick PCD layers on 2-inch Si substrates. The biggest contrast in the uniformity of both the structure and the phase composition of the obtained material was between samples grown in pocket and pedestal geometries.



The SEM images of the sample grown in pocket geometry (Figure 4) showed the effect of E-field reduction towards the edge of the sample on the structure of the grown PCD film. In the central part of the sample, a typical microcrystalline diamond (MCD) film [43] was formed with the average size of well-faceted diamond grains of 30 m. However, the film near the edge of the sample has a morphology that is typical for nanocrystalline diamond (NCD) films [44,45]. A transition zone between the edge and the central part of the sample with a mixed MCD/NCD structure was also observed.



The phase composition of PCD film in different zones was studied with Raman spectroscopy (Figure 4e). The spectrum of the film taken from the central part of the sample shows an intensive diamond Raman peak at 1339 cm−1 with a full width at half maximum (FWHM) of 5.3 cm−1. The position of the Raman peak is shifted from its original position of 1332.5 cm−1, which is evidence of the compressive stress in the film estimated at ~3.2 GPa according to a relationship Δν [cm−1] = −2.05 [GPa] [46]. Such stress is a combination of (a) thermal stress, generated in the process of cooling the sample from the temperature of CVD synthesis (850 °C) down to the room temperature due to the difference in thermal expansion coefficients (TEC) of diamond and silicon, and (b) intrinsic stress caused by formed defects and polycrystalline nature of the film. In the case of CVD growth of PCD layers on thin substrates, such stress usually results in the notable bending of the “diamond-on-Si” plates [47]. The reduction in such thermal stress and related plate curvature is one of the main goals of the optimization of the CVD growth process.



Another feature in Raman spectra of the central “MCD” part of the film is the peak at 1490 cm−1, which is evidence of trans-polyacetylene (t-PA) in the grain boundaries. The spectra taken from the edge of the sample show a weak diamond peak at 1341 cm−1, and t-PA peaks at 1145 and 1490 cm−1, as well as graphitic D- and G-peaks at 1350 and 1580 cm−1, respectively. Such spectra are typical of NCD films [43,44,45]. Spectra taken from the transitional zone of the sample show a mixture of all mentioned MCD/NCD peaks.



In contrast, the SEM pictures of the sample grown in pedestal geometry showed good homogeneity of the grown PCD film both in the center and near the edge of the sample (Figure 5). Raman spectroscopy confirmed the homogeneity of the grown PCD film, with the intensive Raman peak at 1335.1 ± 0.3 cm−1 being the only feature in the spectra of the film. The FWHM of the diamond peak is 2.5 cm−1 in the central part of the sample, and 4.2 cm−1 in close proximity to its edge. From the Raman peak shift Δν relative to the non-stressed position (1332.5 cm−1), the compressive stress σ is estimated at 1.1–1.4 GPa in the different areas of the film. We note that for the “flat-design” film, the Raman spectra were quite similar to those for the “pedestal-design” sample, however, they were slightly less uniform. No signs of NCD formation on the edges were detected in either Raman or on the SEM images.




3.3. Bending of the Grown “Diamond-on-Si” Plates


The curvature of each sample was measured from the bottom (substrate) side using white light interferometry technique (Figure 6). For the initial substrates of 2-inch, mirror-polished Si plates, the displacement (Δh) of 1.6 μm and the radius of curvature (R) of 200 m were estimated. The Δh = 170 μm and the R = 1.8 m for the sample grown in flat geometry were used as the reference values. The sample grown in the pocket holder had Δh = 470 μm and R = 0.66 m. The sample grown in pedestal geometry showed the displacement Δh of only 50 μm (R = 6.2 m), indicating the reduced stress in this film, compared to that for the film produced in the pocket holder, in agreement with the trend in stress deduced from Raman spectra. We note that for the sample grown in the pedestal holder, the area near the edge reverses the trend of plate bending towards Si substrate, which reduces the accumulative displacement of the sample.





4. Discussion


In our work, three substrate holder geometries were designed using E-field simulations and tested experimentally in the MPCVD reactor. Out of three geometries, the better performance was achieved on the pedestal holder, which allowed for better homogeneity and increased quality of the PCD film, as well as lower value of the displacement of “diamond-on-Si” final plate.



The pocked geometry showed rather mediocre results both in the quality and homogeneity of the grown film. At the same time, the extreme bending of the obtained sample prohibits its use in any electronic application. On the other hand, increasing the height of the pedestal should result in an even more homogeneous distribution of the E-field over the 2-inch sample; however, positioning the sample closer to the center of the plasma ball may lead to unwanted results due to an inhomogeneous distribution of carbon species in the plasma.



In summary, the pedestal geometry allowed us to grow thick PCD films over 2-inch Si high-quality (Figure 7a) with unusually low bending, with the displacement as small as 50 μm (see Figure 7b), which is one of the requirements for the plates in electronic industry and in optics. The thermal conductivity at room temperature of the routinely prepared samples in pedestal holder geometry reaches 10 W/cm·K for 100-μm-thick samples and 15 W/cm·K for 200-μm-thick samples (Figure 7c), which makes them suitable for use in electronics for device thermal management.




5. Conclusions


Three geometries (flat, pocket, and pedestal) for the MPCVD reactor substrate holder were tested for the goal of homogeneous growth of large-area polycrystalline diamond films. The optimization of the holder design was done according to E-field simulations using the finite element method. Three Mo holders were fabricated to be tested for MPCVD growth of a 100-μm-thick polycrystalline diamond film over 2-inch Si substrates. The effectiveness of each holder design was estimated by the criteria of the PCD film quality, its homogeneity, stress, and the curvature of the resulting “diamond-on-Si” plates. The pocket geometry was shown to be unfitting for the large-area PCD growth, as it stimulated the formation of the nanocrystalline diamond phase near the edges of the film. The thick PCD sample grown in pedestal geometry showed the high crystalline quality of the obtained homogeneous PCD film with a reduced plate displacement of 50 μm. The obtained results may be used for the improvement in already existing, and the design of the novel-type, MPCVD reactors aimed at the growth of large-area thick homogeneous PCD layers and plates for electronic applications.
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Figure 1. Schematic for the tested flat (a), pocket (b), and pedestal (c) holder geometries. 
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Figure 2. E-field calculations for the chamber of ARDIS-100 reactor with different geometries of the substrate holder: (a) flat holder, (b) pocket-holder, and (c) pedestal holder. Insets in (b,c) show calculated electric field nonuniformity plotted as a function of height h in pocket and pedestal designs, accordingly. 
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Figure 3. The distribution of the E-field intensity over the holder area. Note, that the pedestal holder allows the evenest distribution of the electric field over the 2-inch area of the sample, as well as the highest intensity of the field. 
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Figure 4. SEM images of the surface of PCD film grown with MPCVD technique in pocket substrate holder: (a) general view of PCD surface near the edge area; (b–d) close-up pictures from points 1–3; (e) Raman spectra taken from points 1–3. 
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Figure 5. SEM images of the surface of PCD film grown with MPCVD technique in pedestal substrate holder: (a) general view of PCD surface near the edge area; (b,c) close-up pictures from points 1 and 2; (d) Raman spectra taken from points 1 and 2. 
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Figure 6. The curvature of the sample grown in pocket-holder taken from the central 1-inch zone from the bottom side (a), and the comparison for the whole-plate curvature of all three samples (b). Displacement of the plates is shown in (b) as h. Lines are guides for the eye. 
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Figure 7. Photographs of the 2-inch “diamond-on-Si” sample with the thickness of PCD layer of 100 μm: (a) PCD top surface, (b) Si substrate bottom surface; (c) temperature dependence of TC for the final PCD plate with the thickness of 200 μm after the complete chemical removal of the Si substrate. The line is the guide for the eye. 
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