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Abstract 

The aim of this paper is to optimize the growth conditions of thick boron doped diamond single 

crystals, which requires the use of high microware power density to have high growth rate, in 

order to allow enlarging CVD deposited layers keeping both high boron doping level and high 

crystal quality. It is shown that the use of a high amount of oxygen (1 to 2%) in the gas phase 

leads to 1 mm lateral growth after the growth of 500 μm thick CVD diamond layer. Thus, the 

surface is increased from 10 mm² to 18 mm². The obtained films exhibit high crystal quality 

confirmed by Raman spectroscopy and confocal microscopy. Depending on the gas 

composition introduced in the reactor, the boron concentration varied between 5×1019 at/cm3 

and 3×1020 at/cm3 as measured by SIMS. 

 

1. Introduction 

Diamond is known to be one of the most suitable wide band gap semiconductor for high 

power devices [1]. Microwave Plasma Assisted CVD (MPACVD) is an appropriate method to 

have a good control of boron-doped diamond growth for electronic devices [2,3], even if it is 

still difficult to reach heavily boron doping when thick layers are de- sired. Indeed, previous 

studies have shown soot formation within the plasma when both high amounts of boron 

precursors and high micro- wave power density are used [4]. A compromise using medium 

power/ pressure (2400 W/140 mbar) coupled to the addition of a very small amount of oxygen 

in the gas phase (0.25%) has already been determined for the growth of thick and highly boron 

doped single crystal diamond (few hundreds of micrometers doped at 1020 at/cm3) [4–7]. 

Nevertheless, such a compromise of microwave power density leads to a low growth rate and 

some crystal defects can be formed during the growth. Moreover, the surface area tends to 

decrease that is a very limiting point for the growth of thick films. Indeed, the development of 

high-power vertical devices based on diamond relies on the development of large and thick 
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heavily boron doped layers [8,9]. Another point is that these films should have a high quality 

and a limited dislocations density. This is a very crucial point because several growth resuming 

of active layers are required to fabricate devices such as vertical Schottky diode. The purpose 

of this work is to develop a new protocol allowing coupling high microwave power density and 

high boron doping to reach high quality thick boron doped grown layers with an enlargement 

of the top surface. 

 

2. Experimental setup 

(100)-oriented HPHT (High Pressure - High Temperature) diamond substrates were used to 

grow several samples with different deposition conditions, the aim being to evaluate their 

impact in terms of boron concentration and structural quality. The edges of the substrates are 

oriented (100) in order to avoid induced stress because of the top surface and edge orientation. 

The dimensions for all substrates are quite similar (1.5 mm ± 5 µm height and 3.15×3.15 mm² 

large, the deviation for lateral dimensions is ± 3 µm). Before the growth, all samples were acid 

and plasma treated as described elsewhere [10]. In order to improve our growth conditions, the 

microwave power/pressure couple was increased in comparison with previous results [4,11,12], 

from 140 mbar/2400 W to 170 mbar/2700 W. The impact of oxygen on such a process has been 

also investigated by increasing its concentration from 0.25% to 2% in the gas phase. The 

methane was increased at the same time from 5% to 10% to compensate the surface etching due 

to the increase of oxygen flow [13], the aim being to maintain an acceptable growth rate for the 

growth of thick film. Diborane was used as boron precursor. Three ratios of (B/C)gas, 15,000, 

20,000 and 30,000 ppm,  were used in order to increase the boron doping level. Six (6) separated 

samples were deposited at 920 °C and 200 sccm of total gas flow. The temperature was 

measured by a Williamson bichromatic pyrometer. The grown film thicknesses were obtained 

by measuring the mass gain after growth using a balance (METTLER TOLEDO XPE 205 

DeltaRange) and confirmed by measuring the height difference before and after the growth with 

a caliper (Mitutuyo). The surface morphology was observed using a laser confocal microscope 

(Keyence VK 9710). Raman spectroscopy (Jobin-Yvon LabRam HR800) was carried out at 

room temperature using a 473 nm laser to evaluate the crystalline quality of the samples. The 

boron concentration [B] was measured by secondary ion mass spectrometry (SIMS) in a 

CAMECA IMS7f equipment using a Cs+ ion beam.  Profiles were performed in the 2–3 μm top 

layer.  The quantification of the boron concentration was made thanks to an ion-implanted 

diamond standard with a known dose of boron. This method typically gives the boron 

concentration of the epilayers with a 10% relative uncertainty. The summary of growth 

conditions is given in Table 1. 

 

3. Results and discussion 

Fig.1 shows the evolution of the growth rate with the oxygen and methane content for a 

constant (B/C)gas equal to 15,000 ppm. As expected, this parameter increases when both 

methane and oxygen concentrations increase, showing that the etching effect related to oxygen 

can be compensated by increasing carbon-containing species in the plasma. Thus, a growth rate 

as high as 4 µm.h−1 is reached with a methane concentration of 10% coupled with 2% of oxygen. 

Note that sample D has been grown during 130 h without any soot formation as it has been 
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already demonstrated for intrinsic diamond [12]. This demonstrates that the use of higher 

oxygen concentrations allows diamond deposition with a high diborane concentration at high 

microwave power for a very long synthesis time. 

After the growth, the films deposited with various methane and oxygen ratios for a given 

(B/C)gas of 15,000 ppm were observed by laser confocal microscope and the corresponding 

surface morphologies are presented in Fig.2. No epitaxial crystallites are visible on the surface 

of the samples whatever the growth conditions used. 

Raman spectroscopy analysis was also performed on these layers, showing similar spectra. 

The Raman shift spectra are presented in Fig.3a showing that no graphitic phase is observed. 

The Fano effect is clearly observed on the diamond peak as well as 2 peaks around 600 and 

1100 cm−1 which is typical of diamond films with a boron doping level close to or higher than 

5 × 1019 at/cm3 [14,15]. Fig.3b shows the Raman spectra of the samples focused on the day 

diamond peak. The diamond peak is around 1330 cm−1 and its width at half maximum 

(FWHM) variates from 4 to 5.8 when the oxygen was increased from 0.25 up to 2% cm−1 as 

reported in Table 2 for a similar thickness. This result is consistent with the expected doping 

level [6,16]. The thicker film, D after 130 h, exhibits a higher FWHM but still lower than values 

reported elsewhere [17].  This behavior could be explained by the    impact of such thickness. 

In fact, when thick and highly doped films are obtained, the Fano effect is more evident to 

observe. In fact, when the analysis is performed on thin film, the influence of the substrate is 

still present and the FWHM is probably less well evaluated. Thus, for the thicker film at high 

doping level the Fano effect induces some widening of the diamond peak as clearly shown in 

previous work [18]. 

In order to have a more accurate estimation of the doping level, SIMS analysis was 

performed and the results are reported on Fig.4. It is well known that oxygen addition decreases 

the boron doping efficiency [7] and that the methane addition increases it [19]. For the present 

study, the simultaneous increase of both parameters leads to a stable boron doping efficiency 

with a boron   concentration   close   to   7×1019 at/cm3 as soon as oxygen concentration is 

higher than 0.5%. For the lowest oxygen concentration, the higher doping level of 2×1020 

at/cm3 could be explained by a decrease of the diamond quality which could be more favorable 

to boron incorporation. This result is contradictory to what has already been observed in the 

literature but in the mentioned work, boron concentration in the gas phase was much lower than 

in our case which could considerably change plasma chemistry and boron incorporation 

phenomena. 

In order to further increase the boron concentration in the diamond films, two additional 

layers, E and F, were deposited using 10% of methane, 2% of oxygen and 20,000 ppm and 

30,000 ppm of (B/C)gas, respectively. The surface morphology of these films was observed by 

laser confocal microscope and is reported in Fig.5. At 20,000 ppm of (B/C)gas it can be seen 

that some etch pits begin to appear at the surface and, at higher diborane concentration in the 

gas mixture, the etch pits density strongly increases as it can be observed on sample F. 

Such phenomenon was already observed [20]. Up to now, the boron doping mechanism is 

not well understood. Several proposals were done concerning the species responsible for doping 

[6,21]. Especially, high boron concentration in the gas mixture would lead to a strong reduction 

of the CH3 radical responsible for diamond growth, even leading to diamond etching. Further 

study involving modeling and plasma diagnostics are required in order to have a better 
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understanding of such phenomena. These two samples were analyzed by SIMS and the boron 

concentrations are 1.5×1020 at/cm3 and 2.7×1020 at/cm3 for sample E and F, respectively. Thus, 

higher concentration of boron can be reached by increasing the (B/C)gas ratio, even if the growth 

conditions must be still improved to limit etching phenomena at high diborane concentration. 

For the thicker deposited films (Sample D), the enlargement of the grown layer regarding 

the initial substrate size was estimated. As the grown layer is heavily boron doped and totally 

dark, it was not possible to measure it starting from optical images. The only way to proceed 

was to use a H2/O2 plasma etching during 10 min at 2700 W and 170 mbar. As we can see in 

Fig.6, this plasma etching revealed the substrate footprint showing that an enlargement of 1 mm 

has been obtained after the growth of 480 µm thickness. It corresponds to an increase of the top 

surface from 10 mm² to 18 mm², i.e. roughly a factor of 2.  

 

4. Conclusion 

In this paper we presented a new growth protocol of thick and heavily boron doped diamond 

films on (100) substrates at high microwave power density. The addition of a high amount of 

oxygen in the gas phase allowed combining for the first time, using a CVD technique, the 

growth of large, thick and high quality heavily boron doped single crystal diamond. After the 

growth of 500 μm-thick layers, the obtained area was roughly two times larger than that of the 

initial substrate with a boron concentration close to 2 × 1020 at/cm3. This concentration can be 

still increased by increasing boron concentration but the surface morphology exhibits etch pits 

which should be removed by a polishing step. Further study involving modeling and plasma 

diagnostics are re- quired in order to have a better understanding of such phenomena and still 

improve our growth process. 
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Table 1: Summary of the growth parameters 

 

Samples 

name 

(B/C)gas 

(ppm) 
O2% CH4% 

Duration 

(h) 

Thickness as 

obtained by 

mass loss (µm) 

Thickness as 

obtained by 

caliper (µm) 

Mean thickness 

(µm) 

A 15,000 0.25 5 24 25 27 26 

B  0.5 6 24 37 37 37 

C  1 7 24 68 71 69 

D  2 10 130 485 475 480 

E 20,000   24 99 101 100 

F 30,000   24 Not measurable Not measurable Not measurable 

 

 

Table 2: The FWHM as measured by Raman spectroscopy for the sample A, B, C and D. 

 

Samples FWHM (cm-1) 

A 4.4 

B 4.4 

C 3.9 

D after 24h 5.8 

D after 96 7.4 

 

 

 

 

 

Fig. 1. Evolution of the growth rate with the oxygen content. 
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Fig. 2. Laser confocal microscope images of deposited layers. Samples A to D are presented 

respectively from the left to the right. The thickness of each sample is reminded below each 

image. 

 

 

Fig. 3. a) Raman spectra of the samples A, B, C and D. b) Raman spectra of samples A, B, C 

and D focused on the day diamond peak. 

 

 

Fig. 4. Evolution of the boron concentration measured by SIMS with the oxygen content %. 
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Fig. 5. Laser confocal microscope images of sample E (left) and sample F (right), achieved 

with 20,000 ppm and 30,000 ppm of (B/C)gas, respectively. 

 

 

 

 

Fig. 6. Confocal laser microscope images of sample D before (left) and after (right) H2/O2 

etching to reveal the substrate footprint. 

 

 


