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Abstract

In this work, we present the study of the formation of cracks in high and low boron-doped diamond epitaxial
bilayers necessary in the fabrication process of Schottky diodes. Epitaxial diamond layers were grown on (113)
oriented diamond substrates by Microwave Plasma Enhanced Chemical Vapor Deposition. The effect of the
thickness and the methane concentration during the growth of the undoped diamond layer on the crack
formation have been studied using optical and scanning electron microscopy (SEM). We experimentally
observed a critical thickness of ca. 3.5 ym above which all undoped layers are cracked. The formation of these
cracks is attributed to the relaxation of the elastic energy stored in the epitaxial undoped layer due to the
significant lattice mismatch (ca. 0.8 %) between the undoped and highly boron-doped diamond layers with a
boron concentration of 102* cm as determined by Raman spectroscopy analysis.
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1. INTRODUCTION

Many acknowledge diamond as the best wide-bandgap semiconductor for fabricating high-performance, high
power, and high-frequency electronic devices due to its outstanding properties. Yet many scientific and
technical issues must be resolved before the realization of reliable diamond electronic devices. Recent studies
have demonstrated the interest in (113) epitaxial diamond layers in the fabrication of diamond electronic
devices as this crystalline orientation offers better surface morphology, higher growth rate, high boron
incorporation efficiency, lower surface roughness and defect-free surface in comparison with (100) and (111)
orientations [1-3]. The fabrication process of semi-vertical diamond Schottky diodes requires the growth of
epitaxial doped diamond bilayer with low and high dopant concentrations, which is the second necessary step
in fabricating diamond electronic devices like Schottky diodes. However, the fabrication of boron-doped
diamond bilayer structure is not straightforward due to cracks in the diamond epitaxial layer preventing the
final realization of Schottky diodes. This work studies the formation of cracks in non-intentionally doped
diamond epitaxial bilayers deposited on a heavily boron-doped (113) oriented diamond layer.

2. EXPERIMENTAL

Epitaxial boron-doped diamond bilayers were grown on (113) oriented high-pressure high-temperature
substrates in a commercial AX5010 microwave plasma-enhanced chemical vapor deposition (MWPECVD)
reactor from Seki Diamond Systems using the deposition conditions reported in Table 1. A ca. 5 ym thick
highly boron-doped epitaxial diamond layer is first deposited on the (113) oriented diamond substrate with a
boron to carbon ratio (B/C) in the gas phase of 2000 ppm for a deposition time of 2 hours. Immediately after
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the flow of the boron precursor (trimethylborane) is stopped, the methane concentration is adjusted to the
desired concentration. The methane concentration during this second step has been varied from 0.3 % to 1 %.
The deposition time of this second layer is variable. The boron concentration of the highly boron-doped
diamond layer has been evaluated from the analysis of its Raman spectrum between 1000 and 1500 cm™?
measured at room temperature using a Renishaw InVia Raman Microscope with a 488 nm excitation laser.
The diamond layer thickness is estimated using known deposition rates. The deposition rates were determined
from a multilayer boron-doped epitaxial diamond sample characterized by secondary ion mass spectroscopy
(SIMS). The formation of cracks on fabricated samples was determined by optical and scanning electron
microscope (SEM) using a Zeiss Imager Z1m light optical microscope and a TESCAN FERA3 GM SEM.

Table 1 Deposition conditions of epitaxial boron-doped diamond layers

Pressure Microwave Total gas flow [CH4] (%) B/C (ppm) Deposition
(mbar) power (W) (sccm) time (h)
18t step 100 700 700 1 2000 2
2"d step 100 700 700 variable 0 variable

3. RESULTS AND DISCUSSION
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Figure 1 (a) Deposition rate of epitaxial boron-doped diamond as a function of the methane concentration
and a boron to carbon ratio of 100 ppm in the gas phase in an AX5010 MWPECVD reactor operating at
100 mbar and 700 Watts (b) Experimental Raman spectrum (Exp. Data) of the epitaxial boron-doped
diamond layer grown at a boron to carbon ratio of 2000 ppm and its decoupled double Fano-function fit
(fitting function) including electronic Raman scattering (ERS), the Fano shaped zone center phonon diamond
line (Fano ZCP) and the Fano shaped maximum of the phonon density of states peak (Fano PDoS).

Figure 1a shows the deposition rate of epitaxial diamond grown on (113) oriented substrates as a function of
the methane concentration between 0 and 1 % for a boron to carbon ratio in the gas phase of 100 ppm. The
growth rate grows sub-linearly with a value of ca. 2.5 ym at a methane concentration of 1 %. The deposition
rate is independent of the boron to carbon ratio up to 2000 ppm, as demonstrated by SIMS analysis of epitaxial
boron-doped diamond layer prepared with different boron to carbon ratios for the two methane concentrations
0.1 and 1 %. Therefore, the thickness of the different diamond layers prepared in this work has been estimated
from the growth rate reported in Figure 1a. Figure 1b shows the Raman spectrum of the heavily boron-doped
diamond underlayer grown at B/C = 2000 ppm between 1100 and 1500 cm* with a laser excitation wavelength
of 488 nm and its decoupled double Fano-function fit using the online fitting tool at https://ofm.fzu.cz/cs/raman-
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tool to determine the boron concentration of ca. 102 cm from the width (12.32 cm™) of the undisturbed zone
center phonon line of diamond [4]. This highly boron-doped diamond layer has a low resistivity of 2 mQ.cm,
allowing the formation of ohmic contact with a specific contact resistance below 10 Q.cm suitable for the
fabrication of low ON resistance Schottky diodes [1].

Figure 2 Optical (left) and scanning electron microscopy images (right) of the highly boron-doped/undoped
epitaxial diamond bilayers of samples with different thicknesses (t) of the undoped layer (t3-011< 3 pum, tz-0s5 =
1.4 ym, t3.002= 10.1 pm; t3-063= 5.1 pm, t3.003= 7 pum, tz.07s = 7 pm). Examples of characteristic cracks in
higher magnification are shown on samples 3-002 and 3-075 (bottom-right images).
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Figure 3 (a) Thickness of undoped diamond layer and observation of cracks (star symbols) or not (dotted
symbols) on the sample surface as a function of the deposition time for undoped diamond layers grown with
different methane concentrations (b) Graphical representation of the formation of cracks (star symbols) or
not (dot symbols) on the surface of the sample as a function of the thickness of the undoped diamond layer
independently of the methane concentration during the layer deposition.

Figure 2 (left) shows optical microscopy images of epitaxial diamond bilayers with different undoped diamond
layer thicknesses and methane concentrations. Samples with a thin undoped diamond layer (e.g. sample
3-011 and 3-055) are smooth and without the defects observed on conventional (100) or (111) epitaxial layers
[5]. They also do not exhibit visible cracks. On the contrary, most thick samples exhibit cracks (sample 3-002)
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or a high density of surface defects (sample 3-063). Figure 2 (right) shows SEM images with detailed
morphology of cracks filled by polycrystalline-like diamonds immediately after their formation during the
deposition process. Figure 3a shows the estimated thickness from the deposition time of undoped layer
deposited at different methane concentrations on the 5 ym thick heavily boron-doped epitaxial layer and if the
sample is cracked (star symbol) or not (dot symbol). Apart from the sample with a 7 ym thick undoped layer
and the 5.1 pym thick 3-063 sample, all samples with a thick undoped layer exhibit cracks on their surface.
These results are well illustrated in Figure 3b, which indicates the existence of a critical thickness between
3.5 and 4 ym above which the samples are cracked independently on the growth conditions. The formation of
these cracks is attributed to the relaxation of the mechanical energy in the undoped diamond layer due to a
significant lattice mismatch between the two doped diamond layers.

4, CONCLUSION

In this work, highly boron-doped / undoped epitaxial diamond bilayers have been grown by microwave plasma-
enhanced chemical vapor deposition technique on (113) oriented single crystal diamond substrates with
different thicknesses of the undoped diamond layer and different methane concentrations in the gas phase.
The boron concentration is ca. 1021 cm= in the 5 um thick highly doped diamond layer as determined from
Raman analysis. Optical and scanning electron microscopy investigation shows the formation of cracks
unwanted for the fabrication process of Schottky diodes on fabricated bilayers for samples with an undoped
diamond layer thickness larger than ca. 3.5 um independently on the methane concentration in the gas phase
during the plasma-enhanced chemical vapor deposition. The formation of cracks is attributed to the relaxation
of the mechanical energy in the undoped diamond layer due to a significant lattice mismatch between the two
doped diamond layers.
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