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Abstract: A combination of two methods of chemical vapor deposition (CVD) of diamond films, 

microwave plasma–assisted (MW CVD) and hot filament (HF CVD), was used for the growth of 100 

µm-thick polycrystalline diamond (PCD) layers on Si substrates. The bow of HF CVD and MW CVD 

films showed opposite convex\concave trends; thus, the combined material allowed reducing the 

overall bow by a factor of 2–3. Using MW CVD for the growth of the initial 25 µm-thick PCD layer 

allowed achieving much higher thermal conductivity of the combined 110 µm-thick film at 210 

W/m·K in comparison to 130 W/m·K for the 93 µm-thick pure HF CVD film. 

Keywords: diamond; thin film; chemical vapor deposition; microwave plasma; thermal 
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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 the choice for various 

thermal management applications [2–7]. The possibility of the organization of an effective 

heat transfer from the active zones in modern electronic devices makes diamond the 

“cutting-edge” material in electronics. [8–11]. In the last years, great attention in the 

“Power Electronics” field has been directed towards gallium nitride (GaN) devices, as 

their high electric field strength and electron mobility have already shown tremendous 

potential for high-frequency communications and photonic applications [12–14]. 

However, the low thermal conductivity (TC) of only 2 W/cm·K at room temperature limits 

the use of GaN devices in high-performance regimes [13]. Thus, the great prospect of 

combining 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 [14–17]. 

Although single-crystal diamond is preferred for effective heat sinks, it remains a 

high-priced material, with principal limitations on the size of high-quality crystals that 

are well below the standards for the electronic industry [18–20]. So, much more 

inexpensive and potentially wider-sized polycrystalline diamond (PCD) films and plates 

are usually used instead [21–25]. Such material is composed of smaller 10–100 μm-sized 
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diamond grains, which still have a negative effect on the thermal conductivity of PCD 

material in comparison with single-crystal material [26,27]. Still, the TC values of thick 

high-quality PCD plates reach 20–22 W/cm·K at room temperature [23,28,29], which is 

quite close to the TC of single crystals and, in general, satisfies the requirements for high-

end heat sinks. 

The highest-quality CVD diamond is grown in microwave plasma (MW CVD) in 

standard methane–hydrogen gas mixtures [30,31] with the potential of adding other gases 

for diamond doping [32,33] or the formation of diamond-based composites [34–36]. The 

absence of heated electrodes (as sources of impurities) with a combination of the 

possibility to minimize the non-diamond sp2 phase in the grown material allows the 

formation of high-TC PCD films. However, the plasma size and, consequently, substrate 

dimension, are principally limited by the frequency of the microwave generator. For the 

most common 2.45 GHz CVD reactors, the largest substrate size for stable growth is ≈2 

inches [31,37], while attempts to use larger 3–4 inch plates usually result in the reduction 

of uniformity of the grown films. Even more complicated 915 MHz CVD reactors or novel 

DC-arc Jet CVD systems [38] allow an increase in the size of PCD plates up to 4–6 inches 

[23] but at the price of decreased cost efficiency and increased complexity of the process. 

Another CVD technique uses hot filaments (HF CVD) to activate methane and 

hydrogen precursors for diamond growth [39,40]. This method has no principal limitation 

on the size and number of samples for the growth of PCD layers, which makes it a much 

more cost-effective technology in comparison to MW CVD. However, in this case, the 

obtained material is unavoidably contaminated with the material of filaments (usually 

tungsten), resulting in reduced thermal conductivity [41]. This limits the use of HF CVD 

diamond films predominantly to hard or protective coatings, e.g., for cutting tools 

[40,42,43]. 

The CVD growth of PCD films follows the van der Drift competitive model [44]. 

Diamond grains start as nanometer-sized nuclei and increase in size in the course of CVD 

growth. The initial layer of PCD film that is grown at the very beginning of the CVD 

process has the smallest size of diamond grains [45,46], which drastically decreases the 

TC of this layer due to the scattering of phonons on the grain boundaries [47]. For this 

reason, the initial PCD layer is usually removed by polishing or etching in order to achieve 

higher TC values of PCD plates [23,48], a procedure that obviously cannot be performed 

in the case of diamond films not separated from the substrate. Thus, more sophisticated 

techniques should be used to increase the TC of such PCD coatings. 

In this work, we present a new approach for the efficient formation of PCD layers on 

Si substrates by a consecutive combination of MW CVD (2.45 GHz reactor) and HF CVD 

growth. The higher-quality MW CVD material is used for the TC-critical initial layer of 

PCD film, while later, a more cost-effective HF CVD growth is used. The structure, phase 

composition, bow, and the resulting TC of the combined MW+HF CVD sample are 

compared to separate MW CVD and HF CVD samples with similar thicknesses. 

2. Materials and Methods 

The overall scheme of the experiment is shown in Figure 1. The combination of MW 

CVD and HF CVD techniques is used for the growth of 100 µm-thick PCD layers on the 

Si substrates. 
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Figure 1. Scheme of the experiment. 

The initial substrates were 19 × 19 × 0.5 mm3 Si plates that were laser-cut from a single 

(111)-oriented plate with a diameter of 100 mm. The exact choice of size and the 

orientation of substrates was motivated by suitability for the formation of GaN-on-

Diamond structures by the method shown in our previous work [14]. Substrates were 

seeded with nanodiamond particles (≈5 nm) from water-based suspension using 

ultrasound treatment for 10 min and drying in air. 

MW CVD diamond films were synthesized by microwave plasma CVD reactor 

ARDIS-100 (2.45 GHz, Optosystems Ltd., Moscow, Russia) in CH4/H2 gas mixtures [31,21] 

with a constant total gas flow rate of 500 sccm, methane concentration of 3%, pressure of 

55 Torr, and microwave power of 4.8 kW. The substrate temperature was measured 

through a top window with a Micron M770 two-beam pyrometer (Mikron Infrared Inc., 

Santa Clara, CA, USA) and was kept at 850 ± 25 °C. The growth rate was ≈1 µm per hour, 

which allowed us to obtain high-quality PCD films. After the CVD process, the final 

thickness of the PCD film was controlled by the mass gain of each sample. Two samples 

were grown in separate runs: the “MW CVD” sample on Si (film thickness ≈112 µm) and 

a similar sample with the thickness of PCD layer of only 25 µm, which was later used as 

a substrate for HF CVD growth. To avoid contamination influencing the combined 

growth, no investigations of the 25µm-thick MW CVD sublayer were performed. 

For HF CVD diamond deposition, a laboratory-built HF reactor with tungsten 

filaments (d = 0.16 mm) was used. During the experiments, methane concentration in the 

H2 (99,999%)/CH4 (99,99%) gas mixture was maintained at 6 vol.%. To keep the substrate 

temperature even at T = 850 ± 20 °C, and thus obtain uniform diamond coating, the 

distance between tungsten filaments and substrates was set as 12 ± 1 mm. The average 

current per filament was 6 ± 0.1 A. The operating pressure was maintained at 20 ± 1 Torr 

throughout the synthesis using a needle valve. The average film growth rate was about 

1.1 µm/h. Here, we note, that exact HF CVD conditions were purposely aimed at the high 

growth rates and not at maximizing the quality of the films. The filaments were not 

changed during the entire deposition process. Two samples were grown in the same run: 

the “HF CVD” sample on a seeded Si substrate and the “MW+HF CVD” sample on a 

previously grown MW CVD 25µm-thick PCD layer on Si. Thus, to prepare the bi-layer 

film (MW+HF sample), the first layer was grown on Si in the MW CVD system, and then 

the sample was transferred into the HF CVD system. In both cases, the thickness of the 

grown HF CVD layers was ≈95 µm. 

To minimize the influence of edge effects, which is typical for all types of CVD 

growth (e.g., see [49]), 1 mm wide strips were laser-cut from each side of each sample, 

including the HFCVD-grown one, so their final size was 17 × 17 mm2. 

The phase composition of the obtained films was analyzed at room temperature with 

micro-Raman spectroscopy using the LABRAM HR-800 spectrometer (Horiba Ltd., 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 the instrument Tescan MIRA3 (TESCAN, Brno, Czech Republic). 

The curvature and surface roughness of the resulting “diamond-on-Si” plates were 

measured with an optical profilometer, NewView 5000 (ZYGO Corp., Middlefield, CT, 

USA). Specifically, the bow of each sample was measured from the bottom (Si substrate) 
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side and was used to calculate the radius of curvature. The surface profiles of the CVD-

grown films were taken over a 360 × 255 μm area in the central part of each PCD surface, 

and the exact surface roughness values (Rrms, or Sq as in ISO 25178) were calculated by the 

in-built software of the instrument. 

The thermal conductivity of the PCD sample was measured with a laser flash 

technique (LFT) method [50,51] 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 were monitored with a HgCdTe detector. Before 

the measurement, the Si substrate was removed by the means of wet etching in an HNO3-

HF acid mixture, the 4 × 10 mm PCD sample was cut from the central part of the PCD 

plate with a 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 the relation k = DρC, where ρ and C are the density and the 

temperature-dependent specific heat of diamond, respectively. 

3. Results and Discussion 

3.1. SEM Characterization 

Figure 2 demonstrates comparative cross-sectional SEM images of the HF CVD 

sample and the combined MW+HF CVD sample. Pure HF CVD shows a rather uniform 

columnar structure of the grains throughout the whole PCD film, with a thickness of 93 

µm. Surprisingly, in the combined MW+HF CVD sample, the exact interface between the 

HF and MW parts of the sample is clearly visible in the “backscattered electrons” (BSE) 

mode of the microscope. Thus, we can reliably measure the thickness of the MW CVD 

layer at 25 µm, while the thickness of an additional HF CVD layer was 85 µm (full 

thickness 110 µm). So, in the MW+HF CVD sample, the ratio between MW and HF phases 

is “1 to 3.4” strongly in favor of the HF CVD material. 

 

Figure 2. SEM images of cross-sections of HF CVD (a) and MW+HF CVD (b) films; (c) Enlarged 

image of MW→HF interface, marked in (b) with a white frame. Images were taken in the BSE mode 

of the microscope. 

Plan-view SEM images of MW CVD, HF CVD, and MW+HF CVD samples are 

demonstrated in Figure 3. The MW CVD sample consists of well-faceted diamond grains 

with sizes of 10–40 µm, which is evidence of the high quality of PCD film. The average 

grain size for the bottom 25 µm-thick MW CVD layer was ≈ 10 µm, as deduced from 

corresponding SEM images (not shown here). The HF CVD sample is composed of much 

smaller poorly-faceted 5–20 µm grains, with occasional inclusions of nanocrystalline 

diamond phase due to secondary nucleation processes and twinning of diamond grains. 

The combination of MW and HF CVD techniques led to the structure of the film similar 

to the MW CVD material, with predominantly large crystallites, although grains smaller 

than 5 µm, which were formed due to secondary nucleation, were also observed. 

Considering the fact that the majority of the PCD layer was grown in the HF CVD regime, 

this underlines the critical effect of the initial CVD layer on the structure of the whole PCD 

film. 
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Figure 3. SEM images of three types of films: (a) MW CVD; (b) HF CVD; (c) combined MW+HF 

CVD. Images were taken in the “secondary electrons” (SE) mode of the microscope. 

3.2. Raman Spectroscopy 

The phase composition of all grown PCD films was studied with Raman 

spectroscopy (Figure 4). The spectrum of all films shows an intensive diamond first-order 

Raman peak near 1333 cm−1 with a full width at half maximum (FWHM) Δν ≈ 8 cm−1. The 

bottom 25 μm MW CVD layer exhibits the Raman peak broadened to Δν = 9.2 cm−1, which 

is typical for finer grain films with an enhanced content of defects and grain boundaries, 

while for thick (112 µm) MW CVD, the peak width decreases to Δν = 6.8 cm−1. For all films, 

the exact positions of Raman peaks are slightly shifted from their original position at 

1332.5 cm−1, which is evidence of the stress in the film [52]. 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 room temperature due to the difference in thermal 

expansion coefficients (TEC) of diamond and silicon; and (b) intrinsic stress caused by 

formed defects and the polycrystalline nature of the film. In the case of CVD growth of 

PCD layers on thin substrates, such stress usually results in the notable bow of the 

“diamond-on-Si” plates [53,54]. The reduction of such thermal stress and related plate 

curvature is one of the main goals for the optimization of the CVD growth process. 

Notably, HF CVD and MW CVD have opposite trends of the resulting stress, which is 

slightly tensile for HF CVD material and slightly compressive for MW CVD one. The 

stress of the combined material is even highly compressive, which might be caused by the 

additional stress at the MW→HF interface (see Figure 2c). 

Another feature of the Raman spectra is the peak at 1490 cm−1 is evidence of trans-

polyacetylene (t-PA) in the grain boundaries [55]. This peak is the most intense for the HF 

CVD material and nearly absent for the MW CVD sample and, in general, inversely 

correlates with the size of the diamond grains, as seen in Figure 3. 

 

Figure 4. Raman spectra of the CVD-grown PCD samples (from top to bottom): 93 μm-thick HF 

CVD; 110 μm-thick combined MW+HF CVD; 112 μm-thick MW CVD; 25 μm-thick MW CVD. 
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3.3. Bow of the PCD-Si Samples 

The bow (Δh), the radius of curvature (r), and the surface roughness of PCD film 

(Rrms) of each sample were measured from the bottom (substrate) side using the white 

light interferometry technique (Figure 5). The radius of curvature r was calculated from 

the Δh values as a more universal parameter, as for larger-diameter substrates, higher Δh 

values are expected. For the bi-layer film, the curvature radius increases to 1.9 m (Table 

1). For initial Si substrates, the bow was measured at ≈0.8 μm. The measured bow values 

for PCD-Si samples were: Δh(HF) = −45 μm; Δh(HF+MW) = −19 μm; Δh(MW) = 66 μm. 

Note that the bow for HF CVD and MW CVD samples have opposite positive/negative 

bow trends (see similar trends for different MW/HF samples, e.g., in works [21,54]). The 

bow of the combined MW+HF CVD sample was the lowest and closer to the HF CVD 

sample, as the majority of the combined PCD film was grown by HF CVD. 

 

Figure 5. Bow of the grown samples as measured by white light interferometer ZYGO 

NewView5000 from the substrate (bottom) side of the samples. 

Table 1. Thickness, bow Δh, curvature radius r, roughness Rrms, and thermal conductivity TC of 

as-grown MW CVD, HF CVD, and MW+HF CVD samples. 

Sample 
Thickness, 

µm 
Δh, µm r, m Rrms, µm TC, W/m·K 

MW 112 66 0.55 3.2 870 ± 104 

HF 93 −45 −0.8 2.7 130 ± 15 

MW+HF 110 −19 −1.9 1.8 210 ± 25 

3.4. Roughness and Thermal Conductivity 

The results of the experiments are summarized in Table 1. The growth of the bottom 

PCD layer by MW CVD allowed increasing the TC of the combined MW+HF CVD film by 

≈60% to k = 210 W/m·K, to decrease its bow by 57%, and to decrease the roughness by 

≈45% in comparison to the pure HF CVD sample with k = 130 W/m·K. The PCD films 

produced by MW CVD typically possess a better structural quality and better purity 

compared to those for HF CVD films. The best PCD films with a thickness of a few 

hundred microns (and with large grain size) produced by MW CVD have TC as high as 

2000–2200 W/m·K [23,28,29]. In contrast, HFCVD PCD shows lower TC [56], typically less 

than 1200 W/m·K [41]. Our TC data (Table 1) confirm the superiority of the MW CVD 

diamond samples. The present results on the bow and thermal conductivity of MW CVD 

films are compatible with those reported by us earlier for 2-inch MW CVD PCD films on 

Si [21]. 

Our estimates of the independent TC value for the 25 μm-thick MW CVD layer in 

MW+HF film show that the measured improvement in TC for the combined sample 
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cannot be achieved at any value of conductivity of the MW sub-layer if the TC of the 85 

µm-thick HF top film will be the same as for the single-layer HF sample with a close 

thickness of 93 µm. Therefore, the TС of the HF top film itself was also improved due to a 

combination of using higher-quality material in the critical initial part of PCD film and 

the increased grain size of diamond grains. Thus, the role of the primary relatively thin 

MW layer is both to increase the TC of the bottom part of the composite film and provide 

a larger grain size for the next HF film (Figure 3). The root-mean-squared surface 

roughness Rrms of 1.9 for composite films turns out lower than that for the single-layer MW 

CVD and HF CVD films (2.2 and 2.7 μm, respectively). The roughness improvement for 

the bilayer was due to a better overall homogeneity in the thickness for MW+HF PCD film 

at the scale of hundreds of micrometers. 

4. Conclusions 

The consecutive combination of MW CVD and HF CVD growth of 110 μm-thick PCD 

layer on Si substrate was performed. Its structure, phase composition, bow, and thermal 

conductivity were compared with ones for samples grown purely in MW CVD and HF 

CVD conditions, accordingly. It was shown that using MW CVD for the growth of the 

initial 25 μm of the PCD layer allowed increasing the grain size and the TC of the resulting 

film by ≈60% while decreasing the bow by 57% in comparison to the 93 μm-thick HF CVD 

sample. 

The potential of the demonstrated approach lies not only in the field of thermal 

management applications of PCD films but is also applicable for improving the quality of 

HF CVD-grown films in general. In the future, other combinations of different types of 

CVD growth of diamond could be interesting for investigation as well. As the HF CVD 

technique allows deposition on substrates of large size, the multiple substrates with pre-

grown MW CVD layers may be used at the same time for increased cost efficiency. 

Moreover, the 2-inch limit of MW CVD reactors working at 2.45 GHz can be surpassed by 

using 915 MHz CVD reactors or DC-arc Jet CVD systems. 

The bow is reduced here owing to the compensation of thermal stress (compressive) 

by intrinsic stress (tensile). In principle, the intrinsic stress in MW CVD diamond film can 

be tuned by methane content in gas or by substrate temperature. In addition, the stress is 

sensitive to nitrogen impurity content in the reactor and substrate holder shape. 

Therefore, the overall low bow can be obtained by growing the film in the same CVD 

system but changing the process regime at a certain moment of the growth run. The 

optimum film can be a bilayer (sharp change) and a gradient structure. This new research 

field may influence and improve the quality and cost-efficiency of CVD-grown diamond 

for various applications, such as thermal management and protective coatings for 

electronics, photonics, biomedicine, cutting tools, etc. 
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