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Abstract: Boron-doped diamond is a promising semiconductor material that can be used as a sensor
and in power electronics. Currently, researchers have obtained thin boron-doped diamond layers due
to low film growth rates (2-10 um/h), with polycrystalline diamond growth on the front and edge
planes of thicker crystals, inhomogeneous properties in the growing crystal’s volume, and the presence
of different structural defects. One way to reduce structural imperfection is the specification of
optimal synthesis conditions, as well as surface etching, to remove diamond polycrystals. Etching can
be carried out using various gas compositions, but this operation is conducted with the interruption
of the diamond deposition process; therefore, inhomogeneity in the diamond structure appears.
The solution to this problem is etching in the process of diamond deposition. To realize this
in the present work, we used triethyl borate as a boron-containing substance in the process of
boron-doped diamond chemical vapor deposition. Due to the oxygen atoms in the triethyl borate
molecule, it became possible to carry out an experiment on simultaneous boron-doped diamond
deposition and growing surface etching without the requirement of process interruption for other
operations. As a result of the experiments, we obtain highly boron-doped monocrystalline diamond
layers with a thickness of about 8 um and a boron content of 2.9%. Defects in the form of diamond
polycrystals were not detected on the surface and around the periphery of the plate.

Keywords: CVD process; doping; single-crystal diamond; boron; triethyl borate; thin films;
boron-doped diamond

1. Introduction

Today, there is a significant number of publications devoted to the study of electrophysical
properties of boron-doped single-crystal synthetic diamond [1-7]. Other works are devoted to reviews
of the mechanism and optimal conditions for thin diamond layer deposition; some of these works are
connected with boron-doped diamonds [8-11]. In [12,13], it was shown that the thicker the diamond
layer is grown, the higher the probability of defects occurring at its growing surface. The number of
defects is notably affected by the single-crystal CVD-diamond (chemical vapor deposition-diamond)
deposition rate: the probability of defect formation and their number per unit area grows with
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the increase of deposition rate. Therefore, boron-doped single-crystal diamond thin films are grown at
a low deposition rate. The necessity of intermediate treatment of the obtained samples and loading of
new substrates into the reactor chamber leads to the expenditure of large amounts of time and resources.
Such production costs lead to higher costs and lower output of the product.

To reduce the cost of production (for example, sensors or crystals for power electronics) and to
increase production, growing thick homogeneous boron-doped single-crystal CVD-diamond layers
was proposed as rough material for the jewelry industry or for cutting thin doped diamond plates for
subsequent treatment.

Reducing the number of defects on the surface (Figure 1) and increasing the boron-doped
single-crystal CVD-diamond deposition rate can be achieved by etching the surface of the growing
diamond during the deposition process.

Figure 1. The surface of large thickness diamond with defects on the surface and facets (substrate
size—5 X 5 x 0.5 mm, deposited diamond layer thickness—0.5 mm).

Apparently, it is necessary to keep the composition of the gas phase constant in order to receive
stable properties over the whole volume of the diamond. In addition, controlling the nitrogen content
in the diamond is unavoidable, which can be achieved by using high-purity substances. Oxygen could
be added into the gas mixture to etch the surface of a growing diamond. In this case, the problem of
synthesis of thick boron-doped single-crystal diamond films is narrowed down to solving the following
subtasks:

1.  To find an appropriate boron-containing substance.
2. To optimize the process of synthesis of boron-doped diamond of small thickness.

3. To optimize the process of synthesis of thick layers of boron-doped diamond due to its
constant etching.

After the realization of the third point, it becomes possible not only to reduce the cost of
semiconductor products significantly but also to obtain fancy-colored diamonds for the jewelry industry.

Today, researchers use various boron-containing compounds for doping diamond during its
deposition from the gas phase; the most typical additives are demonstrated in Table 1.

Table 1. Frequently used doping diamond boron-containing substances.

Substance Coating Thickness, pm References
B(CH3)3 1.5-25 [14-17]
B,H, 5-350 [18-21]
BCl, 0.5-1.0 [22]
(CH;0);B 2->100 [23,24]
(C2H50)3B - [25,26]

hBN 770-1020 [27]
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As can be seen from Table 1, in most experiments, diborane is used for doping diamond with
boron. This compound, under standard conditions, is a colorless gas with a nauseating sweet odor.
Diborane is qualified as an unstable flammable substance. Besides this, this gas is highly toxic and poses
a hazard to humans [28-32]. This substance is used as an acceptor dopant for epitaxial silicon in
the industrial production of semiconductor materials. It is also used for doping silicon plates by
the deposition/dispersion technique and polysilicon interconnection of some capacitors. Diborane is
widely used in the formation of borosilicate glasses [33,34] and often used as a source of hydrogen in
many chemical reactions [35].

Diborane belongs to the class of boranes. These compounds have high chemical reactivity, major
heat of combustion, and they are not thermodynamically stable compounds of boron and hydrogen.
Many of the boranes, due to the nuances listed above, belong to substances with the highest category
of flammability: they can self-ignite from high temperatures not only in air but also in contact with
water or a number of halogenated hydrocarbons [36]. Table 2 represents the characteristics of some
boranes: their stability and behavior in air and water [37].

Table 2. Some characteristics of the most important boranes [33].

Compound Thermal Stability Behavior on Air Reaction with H,O
Stable L . .
ByHg at 25 °C Self-ignites Hydrolyzes immediately
B4Hig [;?Sgaob(l:e Self-ignites in the presence of water Hydrolyzes
BsHg Stable at 25 °C Self-ignites Hydrolyzes by heating
Unstable N .
BsHyy at 150 °C and above Self-ignites Hydrolyzes rapidly
Unstable .
BeHio at 25 °C Stable Hydrolyzes by heating
Unstable )
BeHi2 at 25 °C Stable Hydrolyzes by heating
Unstable .
BoHi5 at 25 °C Stable Hydrolyzes by heating
BioH1a Stable at 150 °C Extremely stable Hydrolyzes slowly

As a result of the analysis of Table 2, it is possible to conclude that boranes, except older boranes
(starting with BgHjg), are unstable compounds. At the same time, despite the absence of such a serious
drawback, such as autoignition in the presence of oxygen, these boranes are not widely used in both
scientific and industrial applications.

Diborane, which is prevalent in the semiconductor industry, is never used with oxygen. Trimethyl
borate is more volatile, flammable, and faster hydrolyzed than triethyl borate. Trimethyl borate boils
at 68 °C, triethyl borate at 119 °C [38].

Taking into account the properties of boranes, as well as the need to use oxygen to achieve
the objectives, we decided to use triethyl borate (C,H50)3B.

2. Materials and Methods

2.1. Materials

In this research, we used an excess of boric acid (99.9% purity) in ethyl alcohol (95% aqueous
solution) as initial stock for triethyl borate. During the synthesis, a constant temperature of the mixture
was maintained at 25 + 1 °C. To input triethyl borate to the Ardis 300, we used a hydrogen blow with
least 99.9995% purity. The methane purity was not less than 99.995%.

A single-crystal diamond with misorientation angles and directions that corresponded to
the requirements for growing single-crystal diamonds was used as a substrate for deposition.
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2.2. Scanning Electron Microscopy and X-ray Microanalysis

The study of the surface layers of the coatings was carried out on a HITACHI SU5000 scanning
electron microscope equipped with annexes for X-ray spectral microanalysis X-MaxN and electron
backscatter diffraction (EBSD) Nordlys Nano from OXFORD INSTRUMENTS. Phase identification
was accomplished using the NIST Structural Database (NSD).

2.3. The Hardness and Elastic Modulus of Coatings

The hardness and elastic modulus of boron-doped diamond films were determined using
the Oliver—Farr method [39,40] on a Micro Indentation Tester CSM-Instruments (Switzerland), using a
Vickers diamond pyramid. The maximum load was 50.00 mN.

According to the Oliver-Farr method, hardness is the ratio of the maximum indentation load
and the projection area of the indenter contact to the material without elastic deflection at the edge of
the print (i.e., without the elastic component).

The formula for hardness is the following [41] (Figure 2):

F F

H: - =
S k-h?

c

where F—max force, S—contact area,
h.—depth of contact of the indenter with the material, defined as

& Py

h. = hmax - S = hmax —& (hmax - hl)

C

¢ and k—constants depending on the indenter geometry,

h—distance corresponding to the intersection of the tangent to the unloading curve at the beginning
part of the displacement axis,

h,—maximum depth of indenter penetration in the material.
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Figure 2. Scheme of loading—unloading curve.
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Contact stiffness (S) is determined by the slope of the initial part of the unloading curve (Pjx):

dapP
S - (E)P—Pmax

2.4. Preparing the Single-Crystal Diamond Surface and the Thin-Layer Doping Process

Figure 3 shows a schematic diagram of the single-crystal diamond substrate preparation for
doping with boron and the subsequent treatment of products.

Preparing materials and
equipment for the process of

synthesis boron doped CVD
single-crystal diamonds Hydrogen
generator
Etching diamond Thermostat with boron-
plates by plasma containing substance
Synthesizing boron H.+Boron-containing

substance

doped CVD single- Desiccant

crystal diamonds

Figure 3. Schematic diagram of the technology of preparing single-crystal diamond substrates for
doping and the doping process itself.

The preparation stages for materials and equipment, including the preparation of diamond
substrates by etching, laser cutting, and subsequent mechanical treatment, are the same with
the single-crystal diamond substrate preparation for high-purity single-crystal diamond deposition by
the CVD process.

The process of substrates etching can be carried out in various atmospheres. For example, diamond
is etched at a low rate in hydrogen plasma [42]; in oxygen-argon mixture, it is much higher and reaches
200 nm/min [43]; in an oxygen-hydrogen mixture (with up to 2% oxygen), the etching rate is more than
200 nm/min [44].

The doped single-crystal films were grown from the gas phase, which comprised methane,
hydrogen, and a boron-containing substance, on single-crystal diamond substrates. To achieve this,
as previously shown, trimethyl or triethyl borate can be used. These substances are obtained by
mixing boric acid and alcohol—either methyl or ethyl. In this work, we used ethanol to prepare
triethyl borate (C;H50)3B. Electrolytically generated hydrogen after dehydration and purification was
divided into two streams. A smaller part (5-15 cm3/min) was passed through a bubbler system with
ethanol and boric acid that formed volatile triethyl borate. The second part of the hydrogen from
the generator was input into the reactor. In order to keep the composition of the gas mixture unchanged
during the whole process of deposition, we used a saturated solution of boric acid. Boric acid in
the bubbler system was always maintained in excess. The bubbler system was placed in a thermostat at
a temperature of 25 °C. Silica gel desiccant was used to dry the input mixture. The desiccant was a steel
cylinder with a diameter of 40 mm and a length of 300 mm and it was filled with silica gel. For ease
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of exploitation (drying silica gel after work), the cylinder was equipped with a quick-detachable
connection with a soldered metal mesh to exclude silica gel contact with the system.

Hydrocarbon radicals with high reactivity were formed in the gas phase as a result of the activation
of the mixture of hydrogen, methane, and triethyl borate. As a result of decomposing hydrocarbon
radicals on the substrate, free carbon and atomic hydrogen were released, which ensures the high
selectivity of the diamond growth process due to the release of nondiamond carbon that could
crystallize on the substrate [45].

The deposition process was carried out at 9.806 kPa pressure in the system. The substrate
temperature was 1100 °C. The methane flow to the reactor was 25 cm?/min; the flow of a mixture of
triethyl borate and hydrogen (with possible vapors of ethanol) was 10 cm?/min.

The required parameters of pressure and gas flow were maintained automatically. The duration
of the deposition process was 2 h at a growth rate of 4 pm/h.

3. Results and Discussions

3.1. Scanning Electron Microscopy and Elemental Analysis

Figure 4 shows the samples obtained as a result of the experiments.

Figure 4. Boron-doped diamond samples (Sample 1—left, Sample 2—right).

As seen in Figure 4, both samples have surfaces without such defects as on the example of the plate
in Figure 1. A large amount of triethyl borate was supplied to the system with the purpose of increasing
the oxygen concentration in the plasma. Obviously, such high concentrations of oxygen allowed
etching defects. Figure 5 demonstrates the surface images of Samples 1 and 2 with boron-doped layers.

."- i s X ‘ { r\‘ W
¥/ > & - uu‘ P

L
LI B e e

L - T U T T
éo opm SU5000 20.0kV 8.5mm x2.20k SE(L) 20.0pm

(@) (b)
Figure 5. SEM images of the sample surfaces. (a) Sample 1, (b) Sample 2.



Processes 2020, 8, 666 7 of 13

It can be seen that the surface of Sample 1 has growth “waves”. In addition, there are incoherent
formations on it. The surface of Sample 2 also contains incoherent formations, but the growth “waves”
are less noticeable.

The distribution of Sample 1 areas for determining the chemical composition using X-ray
microanalysis is presented in Figure 6. Table 3 presents the results of Sample 1 surface
X-ray microanalysis.

Figure 6. SEM image of Sample 1 with areas for identifying surface composition.

Table 3. Sample 1 elemental analysis.

The Number of Area C B (0]
1 97.1 29 -
2 97.2 2.8 -
3 92.2 32 4.6
4 94.1 3.4 2.5

Table 3 (data from Figure 7), containing elemental analysis based on the EDS (energy-dispersive
X-ray spectroscopy) results, demonstrates that the first position, as well as the second, corresponds to
heavily boron-doped diamond with a boron content of 2.9%.

The third position is a foreign substance containing carbon, oxygen, and boron that corresponds
to the composition of triethyl borate, which, apparently, could depose from the gas phase at the end of
the diamond-doping process.

The distribution of Sample 2 areas for determining the chemical composition using X-ray
microanalysis is presented in Figure 8. On the surface of Sample 2, as well as on Sample 1, there are a
significant number of foreign formations.

Table 4 (data from Figure 9) contains elemental analysis based on the EDS and presents the results
of Sample 2 surface X-ray microanalysis. The boron content in Sample 2 was 2.9%, as in Sample 1.
Considering that samples were obtained in independent experiments with the same synthesis
parameters, the result indicates high doping-process stability.
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Figure 8. Areas for identifying Sample 2 surface composition.
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Figure 9. EDS analysis of Sample 2.
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Table 4. Sample 2 elemental analysis.

The Number of Area C B (@)
5 97.1 2.9 -
6 94.1 2.5 34
7 94.1 34 2.5

Positions 7 and 8 are a foreign substance corresponding to the composition of triethyl borate, which,
apparently, could depose from the gas phase at the end of the diamond-doping process. To eliminate
such defects in both cases, it will be sufficient to etch the obtained diamond surface in the stream of
atomic hydrogen without doping or carbon-containing substances.

Using the EBSD method, we obtained electron diffraction patterns, indexed them, determined
their phase composition, type of lattice, and orientation (Euler angles) in each of the six investigated
areas. We revealed that the coating orientations in different areas were the same, which allowed us to
conclude that the coating was single-crystal and was formed by epitaxial growth.

3.2. The Hardness and Elastic Modulus

We obtained values of hardness in the range from 62 to 117 GPa and elastic modulus in the range
from 914 to 1099 GPa. A typical loading-unloading curve is represented in Figure 10.

62.5 T s T e T T s T T T a
56.2 — + + + + + + + + + 4
50.0 — + + + + + + == + 4
i ==
437 — + + + + + + _:gé + + 1
37.5 T + + + + + _’gﬁ + + 4
7 =
312 + + + + == + + + 4
-+ + + + + + + + + 4
25.0 _,_fgf
7 ==
18.7 — + + + fi + + + + 4
4 - ‘=__r_‘:—-_~,_-
12.5 — + + =t + + + + + 1
| ———
62— + P + + + + + + 4
4 = ———
_/,—_ﬁ?{—\ | | | I | | | |
0.0 mN D B A B a— | R L AL A
00nm 200 40.0 60.0 800 1000 1200 1400 1600 1800 2000

W Indentation
Figure 10. Loading—unloading curve.
From the presented load—unloading curve, we identified the following characteristics:

- hardness 62.8 GPa;
- elastic modulus 914.6 GPa;
- indenter penetration depth 155.816 nm.

We qualified the optimal mode for the synthesis of heavily boron-doped diamond:

- temperature 1100 °C;
- H, flow rate 480 cm3®/min;
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- CH, flow rate 25 cm®/min;
- H, - (C,H50)3B flow rate 10 cm®/min;
- microwave power 3800 W;
- reactor pressure 9.806 kPa.

The obtained experimental data allow further experiments to reduce the boron concentration in
single-crystal diamond film and to introduce more oxygen to etch the surface during the deposition
process of thick homogeneous boron-doped diamond layers.

4. Conclusions

The paper presents a scheme of boron-doped diamond CVD synthesis by using triethyl borate as
a boron-containing substance. The replacement of the boron-containing substance from diborane to
triethyl borate allowed etching, creating polycrystalline diamond via an all-synthesis process without
the need for interruption due to oxygen atoms from triethyl borate. The high boron content obtained
according to the proposed scheme samples (2.9% mass) is explained by the need for high oxygen atoms
concentration in the gas mixture for successful etching of the emerging polycrystalline diamond. As a
result of synthesis, it is possible to obtain boron-doped diamond with a stable boron distribution in
the volume.

Using the Oliver-Farr method, we measured the hardness and elastic modulus of obtained
coatings, varying from 62 to 117 and 914 to 1099 GPa, respectively.

In the future, work will be developed in the direction of reducing the concentration of triethyl
borate in the gas mixture and optimizing parameters for sectoral growth in order to obtain doped
diamond layers. Compensation of oxygen atoms will be realized through direct oxygen supply to
the gas mixture, which is stable in contrast to diborane.
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