Pl1y5iml Sciences and chlmology Vol. 10 (NO. 1-2), 2023:35-41

IRSTI 29.19.22

Diamond films obtained on silicone substrates
by the CVD method and properties of structures based on them
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At present, the technology of obtaining diamond films on silicon and other substrates is well studied. How-
ever, in all published works to date, there has been no report of a layer of silicon carbide formed between the
diamond film and the silicon substrate. The presence of a layer (15R-SiC), (C, ) in the structure was
revealed in the studies of structures with a diamond film obtained by us on silicon substrates by chemical
vapor deposition. Diamond films were obtained on single-crystal silicon substrates with (111) orientation
and n-type conductivity by the well-known CVD technology in a hydrogen-methanol (CH,OH) mixture
with the addition of a certain amount (know-how) of ammonia (NH,). The diamond films consisted of small
single crystals 3—5 um in size, closely interlocked and constituting a continuous film. When studying the
current-voltage characteristics of structures created on the basis of the obtained diamond films, a blue-white
glow with a blue-violet tint was observed, which is explained by the mixing of blue-violet photons with
photons re-emitted in the diamond film.
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characteristic, electroluminescence.
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1 Introduction

It is known that diamond has such unique proper-
ties as the highest hardness and thermal conductivity,
chemical resistance, high light refractive index, and
others among all known crystalline materials [1-3].
Most importantly, diamond is a semiconductor with
a band gap of ~5.5 eV [3, 4], due to which it is trans-
parent in almost the entire range of the solar radia-
tion spectrum, which makes it in demand for use in
most micro- and optoelectronic devices, including
photovoltaics. In the creation of electronic devices,
its epitaxial films are mainly used, grown on different
substrates using various methods. Because, despite
the small thickness (several micrometers), diamond
films exhibit all the properties and advantages inher-
ent in its bulk crystal. Epitaxial diamond films are
used to create transistors operating in the microwave
range [5], solid-state detectors [6], high-voltage and
high-temperature diodes [7], and others.

All epitaxial diamond films are p-type semicon-
ductors with an impurity activation energy of 0.35—
0.38 eV [4, 8]. The diamond band gap for indirect
transitions is 5.5 eV, and for direct transitions —is 7.4

eV [7, 9]. If we add to this that the bright and very
diverse luminescence of diamonds has been known
for a long time [10], then one could think about cre-
ating light-emitting diodes and lasers based on it.
However, to date, mass production of none of the
semiconductor devices has been established, neither
on the basis of its bulk crystals nor on the basis of its
epitaxial films.

There is an assumption that it is possible to use
diamond films in silicon solar cells both as a trans-
parent conductive «window» and as an active work-
ing layer. For example, the authors of [11] state that
impact ionization processes and radiative transitions
in the conduction band of diamond are possible due
to the excess energy of electrons generated by short-
wavelength photons and the formation of additional
eh pairs. In addition, the diamond layer, absorbing
short-wavelength photons, can re-emit their energies
in the form of long-wavelength photons, which can
be absorbed in silicon layers [11].

In connection with the above, in this work we
tried to show the production of diamond films by the
simplest and most accessible CVD method and the
possibility of using them in the structures of semi-
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conductor devices, including solar cells. In this work,
we studied the properties of diamond films obtained
on n-type silicon substrates with (111) crystal orien-
tation.

To date, there is a large amount of experimental
data in the literature on the production of diamond
films by the CVD method [12—-15], however, they are
often quite general in nature, and many details of the
processes of formation of diamond crystallites that
make up films remain not fully understood. For ex-
ample, in the literature, we did not find data on the
silicon carbide (SiC) transition buffer layer formed in
the region between the diamond film and the silicon
substrate.

2 Materials and methods

There are various methods for producing dia-
mond films. For example, in [16-20], diamond films
were obtained by the gas-phase method using a mi-
crowave discharge. A group of researchers from the
Research Institute of Inorganic Materials (Japan)
[16] created a setup that makes it possible to grow
diamond films even on non-diamond substrates in a
continuous flow of a gas mixture excited by a micro-
wave discharge near the substrate front, which made
it possible to increase the growth rate. The authors
used silicon (semiconductor), molybdenum (metal),
and quartz glass (insulator) plates as substrates [17].

In the experiments carried out within the frame-
work of this article, diamond films were obtained by
chemical vapor deposition (CVD) using the technol-
ogy described in [18, 19]. Silicon wafers with dimen-
sions of 10 " 10 ~ 0.3 mm, cut in the (111) direction
from n-type single-crystal silicon with a specific re-
sistance of ~10 Q cm, were used as substrates. The
technological modes of the epitaxy process were
chosen from the results of our previous experiments
on growing diamond films by the CVD method on
silicon substrates [20, 21].

It is known that the quality of pre-treatment of the
substrate surface significantly affects the structural
perfection, physical and optical properties of the
epitaxial layers obtained on them. One of the many
ways to treat the silicon surface before epitaxy is
hydrogen etching [22]. Therefore, we also applied
this method to clean the surface of silicon substrates
immediately before the epitaxy process.

Hydrogen etching of the surface of the silicon
substrate was carried out at a temperature of tungsten
filaments — 1800°C for 3 min. In this case, the
hydrogen flow was 1000 cm3/min, and the linear
hydrogen flow rate was 30 cm/min, with a reactor
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diameter of 60 mm. This method made it possible
to optimally clean the surfaces of silicon substrates.
The process of cleaning the surface of the silicon
substrate from SiO, will occur according to the
following reaction. Since atomic hydrogen (H), being
active, quickly reacts with oxygen of silicon dioxide
(Si0,) and, at the same time, water vapor (H,O) is
formed according to the reaction: SiO, + 4H ® Si +
2H,0. Water vapor is carried away from the surface
of the substrate by the gas flow. As a result of the
purification process, dangling silicon atoms appear
on the surface of the silicon substrate, which, during
the deposition of diamond layers, capture carbon
atoms and form silicon carbide (SiC) molecules. In
turn, the latter form continuous thin layers of SiC
over the silicon substrate, which is confirmed by the
Raman scattering spectrum (this will be discussed
below).

During the deposition of diamond films, the fol-
lowing CVD technological regimes were observed:
the temperature of the tungsten filaments was main-
tained within 2100-2150°C, and the substrate tem-
perature was within 850-900°C, the total flow of the
gas mixture (CH,OH + H, + NH,) was 50-60 cm’/
min and its pressure was maintained within the range
of 50-60 Torr, the temperature of methanol in the
bubbler was maintained within the range of 33-35°C,
and the hydrogen/methanol ratio in the total gas flow
in the reactor was 0.5-1.0%.

In the process of growth, nucleation will initially
occur before the formation of a continuous film be-
gins and, in this case, growth will occur on different
faces of the nucleus at different rates. In addition, as
a result of the gradual reaction of the hot filaments or
due to any other changes in the reaction conditions,
the growth rate may change. In experiments, the aver-
age growth rate was 0.2—0.3 pm/h. At the same time,
there was no significant difference in the deposition
rate between doped and undoped diamond films.

The existence of a diamond film was established
by measuring the microhardness, studying the struc-
tural perfection of the diamond film on a Jeol JSM-
5910LV scanning electron microscope with a JED-
2200 Jeol X-ray analysis system (Japan) and the
Raman scattering spectrum in the energy range cor-
responding to diamond peaks. Recording conditions:
accelerating voltage 20 kV, probe current 1 nA, and
also by the Hall method. The grown diamond films
were polycrystalline, which consisted of crystallites
with a grain size of 2—3 pum, which were individual
single crystals (Fig. 1a).

To determine the crystal structure of the grown
diamond film, Raman spectra of Raman scattering
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(Raman) were taken at room temperature (300 K)
when the samples were irradiated with a laser beam
with a wavelength of 514 nm. The Raman analysis
showed that the peak of the 15R-SiC silicon carbide
polytype is observed in the spectrum (Fig. 15). We
assume that this peak belongs to the 15R-SiC sili-
con carbide polytype, which is formed at the begin-
ning of the diamond film growth process, that is, at
the beginning of the diamond film growth, C atoms
are deposited on the Si substrate and bond with Si
atoms with dangling bonds located on the surface of
the Si-substrate and thus form 15R-SiC molecules.
We do not yet know the formation mechanisms of
exactly the 15R-SiC polytype, however, accord-
ing to the literature data, it can be assumed that
15R-SiC is formed precisely between carbon- and
silicon-containing layers (in our case, between sili-
con and diamond). As the layer thickness increases,
the number of 15R-SiC molecules gradually de-
creases, since the formed 15R-SiC layer prevents

Intensity (arb.units)

the passage of carbon atoms to silicon. However,
in the reactor in the gaseous medium there are sili-
con atoms isolated from the quartz of the reactor,
which, getting into the growing layer, participate in
the further formation of the p(15R-SiC), (C, )
_ solid solution, that is, the layer where the num-
ber of molecules is 15R -SiC gradually decreases,
and the amount of carbon increases. Thus, the het-
erostructure nSi—p(15R-SiC), (C, ) is formed.
This is evidenced by a broad peak at 1351 cm™ (Fig.
1b), which corresponds to the polycrystalline struc-
ture of the diamond film. Fig. 15 also shows that
the spectrum contains a broad 15R-SiC peak, which
also indicates the polycrystalline structure of the
structure, indicating the formation of a (15R-SiC),_
(Cimond), SOlid solution. As can be seen from fig.
la, the film was obtained with clearly faceted crys-
tals, uniformly covering the entire surface of the
substrate and having a fine-grained polycrystalline
appearance.
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Figure 1 — Surface (a) and Raman spectrum () of a diamond film grown
on a silicon substrate with (111) crystal orientation

The results of Hall measurements showed that the
grown films, despite the fact that ammonia was intro-
duced into the gas mixture, that is, the film was doped
with nitrogen, still they have p-type conductivity with
a charge carrier concentration of (2-4)-10'” cm and
electron mobility within 950-1010 cm?/(V-s), which
is noticeably higher than in our previous works [20,
21]. Here, the decision to introduce nitrogen impuri-
ties was made with the consideration that at present
a large number of scientific studies are aimed at cre-
ating computers based on quantum informatics, the
unit (qubit) of which is a small-sized system. One

of the most actively studied contenders for this role
is the negatively charged nitrogen-vacancy defects
NV- in diamond [23]. In addition, as described in
[24], NV centers are highly efficient photon emission
centers, which allows them to be used to create ef-
ficient LEDs and lasers, to obtain information about
the state of the spin and optically control its state, as
well as to detect the spin state. other materials [25].
In this case, it is necessary that the dimensions of the
atoms introduced into the diamond crystal lattice cor-
respond to the dimensions of the carbon atom. From
this point of view, nitrogen (N) atoms are suitable
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candidates for this role. Nitrogen creates fairly deep
donor energy levels in the band structure of diamond
(1.7 eV from the bottom of the conduction band), but,
nevertheless, it is often used to dope diamond due
to the fact that nitrogen is widely available and non-
toxic [23]. The introduction of nitrogen atoms into
diamond is not the only purpose of obtaining elec-
tronic conductivity.

3 Results and discussion

The dark current-voltage characteristics of the
nSi — p(I5R-SiC), (C, ) -heterojunction were
measured, the results of which are shown in Fig. 2.
It can be seen from Fig. 2a that the breakdown of the
p-n-junction with reverse bias occurs at voltage of
~14-15 V. breakdown of the reverse current-voltage
characteristics (Fig. 2a).

The glow (Fig. 2b) observed under conditions
of breakdown of the nSi — p(15R-SiC),_(C,
heterojunction is explained as follows. Apparently,
during the breakdown of the n — p-junction, electro-
luminescence of blue-violet photons occurs, which
is noticeable in the blue-violet contour of the glow.
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These photons, in the course of propagation in the
p(15R-SiC), (C, . ) layers, are absorbed both in
the p(15R-SiC), (C, ) layer and in absorption
centers formed due to crystal defects p(15R-SiC),
(Cliimond), sOlid solution lattices and generate exci-
tons. In turn, these excitons recombine with the emis-
sion of long-wavelength photons, as shown in [26,
27]. As a result of mixing these photons with blue-
violet photons, whitish-blue light is produced, shown
in Fig. 2b. These photons can penetrate inside the
structure and be absorbed in the silicon layer and gen-
erate electron-hole pairs, which, being separated at
the nSi — p(15R-SiC), (C,. ) heterojunction, can
participate in the generation of photocurrent. Such a
process can also occur when the nSi — p(15R-SiC),
(Ciamona)-heterostructure is illuminated by sunlight.
If we take into account the fact that the p(15R-SiC),_
(Ciamond), layer has sufficient conductivity (since the
concentration of charge carriers is (2-4)-10'7 cm?,
and the electron mobility is 950-1010 cm?(B-sec),
then it can be used as a conductive transparent “win-
dow” and active layer, as well as a protective coating
for silicon solar cells used in space conditions, where
high-energy photons prevail.

b)

Figure 2 — Current-voltage characteristic (a) and photography of the white glow (b)

of the nSi — p(15R-SiC), (C

diamond

), heterostructure. The photography was taken

with a Coolpix E3200 electronic digital camera from Nikon (Japan)

As is known, diamond belongs to indirect-gap
semiconductors, in which the probability of inter-
band transitions occurring with conservation of mo-
mentum is very low. Consequently, radiative recom-
bination in them proceeds in accordance with fig.
3, that is, through impurity centers [28]. Therefore,
according to the theory of absorption, short-wave-
length photons with energies less than the band gap
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of the solid solution (15R-SiC), (C, ) (>3.013
eV, 15R-SiC polytype), but greater than the ioniza-
tion energy of absorption centers (fig. 3) (formed
due to defects in the diamond crystal lattice) pass
without being absorbed through the diamond film
and are partially absorbed by the 15R-SiC layer, and
create excitons in the heterostructure nSi — p(15R-

SiC), (Cyinond)- These excitons recombine after
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some time by emitting photons that can be absorbed
in silicon. In a word, in the (15R-SiC), (C, )
solid solution layer, the effect of “re-emission” of
short-wavelength photons into long-wavelength
photons absorbed by silicon occurs. In addition,
short-wavelength photons with an energy greater
than the ionization energy of diamond absorption
centers can also be absorbed in these centers and
also form excitons, which can also recombine af-
ter a while by emitting long-wavelength photons
absorbed in silicon. Thus, short-wave photons are

converted into long-wave ones, which is important
for solar cells for space purposes. Such structures
can be successfully used to convert solar energy in
space conditions, since diamond has good photo-
sensitivity in the wavelength range of 0.2—1.2 um
[26]. In addition, the diamond film itself can absorb
high-energy photons and generate minor charge car-
riers, and can contribute to the efficiency of a solar
cell. In addition, due to the resistance of diamond to
cosmic radiation, solar cells coated with a diamond
film can work longer in harsh space conditions.
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Figure 3 — Processes of radiative and nonradiative recombination [28]

4 Conclusions

Films of p(15R-SiC), (C, ) diamond solid
solution are grown on silicon substrates by the CVD
method. It is shown that, in this case, a p(15R-SiC),_
(Cimone), transition buffer layer is first formed on
the silicon substrate due to the chattering bonds
of silicon atoms formed during the cleaning of the
silicon substrate surface by hydrogen etching. We
have not yet been able to determine the thickness of
the transition buffer layer.

A whitish-blue glow noticeable to the naked
eye in the region of breakdown of the inverse
current-voltage characteristic was found, which is
explained by the electroluminescence of blue-violet
photons during the breakdown of the nSi — p(15R-
SiC), (Cdiamond)  heterojunction. These photons,
propagating in the p(15R-SiC),_(Cdiamond)_layer,
are absorbed in absorption centers formed due to
crystal lattice defects and generate excitons. Excitons
recombine and emit relatively long-wavelength

photons, which, when mixed with blue-violet
photons, produce whitish-blue light, as shown above.
Photons can penetrate inside the structure and be
absorbed in the silicon layer and generate electron-
hole pairs. Such structures can be successfully used
in the manufacture of solar cells operating in space
conditions. Since the composition of the spectrum of
solar radiation incident on the surface layers of the
atmosphere is dominated by higher-energy photons,
which, being absorbed in the layers of the p(15R-
SiC), (Cdiamond),_ solid solution, convert them into
long-wavelength photons absorbed in silicon and,
thus can contribute to efficiency.

Acknowledgements

The work was carried out within the framework
of fundamental research under the project of the
laboratory “Growth of semiconductor crystals” of
the Physical-Technical Institute of the Academy of
Sciences of the Republic of Uzbekistan.

39



Diamond Films obtained on Silicone Substrates... Phys. Sci. Technol., Vol. 10 (No. 1-2), 2023: 35-41

References

1. Feoktistov N.A., Grudinkin S.A., Golubev V.G., Baranov A.V. Evolution of the morphology of diamond
particles and mechanism of their growth during the synthesis by chemical vapor deposition // Physics of the Solid State.
-2015. -Vol. 57. -No. 11. -P. 2184-2190. https://doi.org/10.1134/S1063783415110104

2. Yanchuk I.B., Valakh M.Y ., Vul’ A.Y., Golubev V.G, Grudinkin S.A, Feoktistov N.A, Richter A., Wolf B. Ra-
man scattering, AFM and nanoindentation characterisation of diamond films obtained by hot filament CVD // Diamond
Relat. Mater. — 2004. -Vol. 13. -P. 266-269. https://doi.org/10.1016/j.diamond.2003.11.001

3. Grudinkin S.A., Feoktistov N.A., Bogdanov K.V. et al. Gas-phase synthesis of isolated spherical diamond par-
ticles with introduced silicon-vacancy color centers on the surface of synthetic opal // Semiconductors. —2014. -Vol. 48.
-No. 2. -P. 283-286. https://doi.org/10.1134/S1063782614020109

4. Vereshagin L.F., Revin O.G., Slesarev V.N. et.al. Electrical conductivity of artificial semiconductor diamond. //
In the book: Synthetic diamonds and hydroextrusion: Sat. articles. — Nauka, Moscow, USSR. 1982. P.64-67. (In Russian).

5. Calvani P., Corsaro A., Sinisi F., Rossi M.C., Conte G., Giovine E., Ciccognani W. and Limiti E. Microwave
operation of sub-micrometer gate surface channel MESFETs in polycrystalline diamond // Microwave and Optical Tech-
nology Letters. -2009. -Vol. 51. -P. 2786-2788. https://doi.org/10.1002/mop

6. Bergonzo P., Tromson D., Mer C. CVD diamond-based semi-transparent beam-position monitors for synchro-
tron beamlines: preliminary studies and device developments at CEA/Saclay. // J. Synchr. Rad. —2006. -Vol. 13. -No.2.
-P. 151-158. https://doi.org/10.1107/S0909049505032097

7. Gurbuz Y., Kang W.P., Davidson J.L., Kerns D.V., et al. PECVD diamond-based high performance power
diodes // IEEE Transactions on Power Electronics. — 2005. -Vol. 20. -P. 1-10. https://doi.org/10.1109/TPEL.2004.839883

8. Vikulin .M., Stafeev V.I. Physics of semiconductor devices. Radio and communication, Moscow, Russia, 1990.
264 p. (In Russian).

9. Vasiliev L.A., Belykh Z.P. Diamonds, their properties and applications. Nedra, Moscow, USSR. 1983. 101 p.
(In Russian).

10. Anderson B. Definition of gems: Translated from English. Mir, Moscow, USSR. 1983. -458 p. (In Russian).

11. Saliev T.M., Saidov M.S. White radiation during the breakdown of nSi — pC,_ heterojunction and on the
limiting efficiency of a silicon solar cell // Geliotechnika. -2010. — No.3. — P.1-3. (In Russian).

12. Butler J.E., Sumant A.V. The CVD of nanodiamond materials // Chemical Vapor Deposition. -2008. -Vol.14. -P.
14-60. https://doi.org/10.1002/cvde.200700037

13. Zolotukhin A.A. Dissertation for the degree of candidate of fiz.-mat. Sciences: 01.04.07, Faculty of Physics,
Lomonosov Moscow State University M.V. Lomonosov, Moscow, 2007.

14. Haubner R., Lux B. Deposition of ballas diamond and nanocrystalline diamond // International Journal of Re-
fractory Metals and Hard Materials. -2002. -Vol. 20. -P. 93-100. https://doi.org/10.1016/S0263-4368(02)00006-9

15. Tang C.J., Neto M.A., Soares M.J., Neves A.J. A Comparison study of hydrogen incorporation among nanocrys-
talline, microcrystalline and polycrystalline diamond films grown by chemical vapor deposition // Thin Solid Films, 2007,
515, pp. 3539-3546. https://doi.org/10.1016/j.tsf.2006.10.132

16. Kamo M., Sato Y., Matsumoto S.,Tan W., Grotjohn T.A. Modeling the electromagnetic field and plasma dis-
charge in a microwave plasma diamond deposition reactor / Diamond & Related Materials. — 1995. — Vol. 4. — P. 1145-
1154. https://doi.org/10.1016/0925-9635(95)00291-X

17. Yamada H., Chayahara A., Mokuno Y., Soda Y., Horino Y., Fujimori N. Numerical analysis of power absorp-
tion and gas pressure dependence of microwave plasma using atractable plasma description // Diamond & Related Materi-
als. —2006. — Vol. 15. — P. 1395-1399. https://doi.org/10.1016/j.diamond.2005.10.017

18. Grudinkin S.A., Feoktistov N.A., Bogdanov K.V. et al. Gas-phase synthesis of isolated spherical dimond par-
ticles with introduced silicon-vacancy color centers on the surface of synthetic opal // Semiconductors. -2014. -Vol. 48.
-No. 2. -P. 283-286. https://doi.org/10.1134/S1063782614020109

19. Baidakova M.V., Vul’ A.Ya., Golubev V.G. Obtaining diamond films on crystalline silicon by thermal gas-
phase deposition // Semiconductors. — 2002. -Vol.36. -No.6. —P. 651-657. (In Russian).

20. Kutlimratov A., Saidov A.S., Rakhmonov U.Kh. Properties of diamond films obtained by chemical vapor de-
position on silicon substrates // Proceedings of the 7th International Scientific and Practical Conference “Problems and
Scientific Solutions”, April 25-26, 2021, Melbourne, Australia. — P.681-690.

21. Kutlimratov A., Rakhmonov U. Properties of diamond films obtained on silicon substrates by the method of
chemical steam-gas deposition // Journal The scientific heritage. -2021. -Vol.1. -No. 77. — P. 37-41.

40



A.S. Saidov et al. Phys. Sci. Technol., Vol. 10 (No. 1-2), 2023: 35-41

22.  Zelenin V.V., Davydov D.V., Korogodsky M.L.et al. Influence of hydrogen etching on the electrical
properties of autoepitaxial layers of silicon carbide // Technical Physics Letters. — 2002. -Vol.28. -P. 58-62. https://doi.
org/10.1134/1.1482743

23. Kalish R. The search for donors in diamond // Diamond and Related Materials. -2001. -Vol. 10. -P. 1749-1755.
https://doi.org/10.1016/S0925-9635(01)00426-5

24. Kaurtsiefer C., Mayer S., Zarda P., Wenfurter H. Stable solid-state source of single photons // Phys. Rev. Lett.
-2000. -Vol. 85. -P. 290. https://doi.org/10.1103/PhysRevLett.85.290

25. Dolde F., Fedder H., Doherty M.W., Nobauer T., Rempp F., Balasubramanian G., Wolf T., Reinhard F., Hol-
lenberg L.C.L., Jelezko F., Wrachtrup J. Electric-field sensing using single diamond spins // Nature Physics. —2011. -Vol.
7. -P. 459-463. https://doi.org/10.1038/nphys1969

26. Mirgorodsky I.V., Golovan L.A., Timoshenko V.Yu. Luminescent properties of thin nanocrystalline silicon car-
bide films fabricated by direct ion deposition // Semiconductors. — 2014. — Vol.48. —P.711-714. https://doi.org/10.1134/
S1063782614060207

27. Saliev T.M., Lutpullaev S.L., Kutlimratov A. et al. Photoelectric properties of n/6H-SiC — p*/3C-SiC and n/6H-
SiC —p/C,, ., heterostructures obtained by the CVD method. Geliotechnika. —2015. -No. 2. — P. 49-52. (In Russian).

28. Zee S. Physics of semiconductor devices. Mir, Moscow, USSR. 1984. 413 p. (In Russian). —P.276-277.

41



