
materials

Article

Fabrication of a Micron-Scale Three-Dimensional
Single Crystal Diamond Channel Using a Micro-Jet
Water-Assisted Laser

Qiang Wei † , Xiaofan Zhang †, Fang Lin, Ruozheng Wang, Genqiang Chen and Hong-Xing Wang *

����������
�������

Citation: Wei, Q.; Zhang, X.; Lin, F.;

Wang, R.; Chen, G.; Wang, H.-X.

Fabrication of a Micron-Scale

Three-Dimensional Single Crystal

Diamond Channel Using a Micro-Jet

Water-Assisted Laser. Materials 2021,

14, 3006. https://doi.org/10.3390/

ma14113006

Academic Editor: Evgeny Levashov

Received: 2 April 2021

Accepted: 24 May 2021

Published: 1 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Key Laboratory of Physical Electronics and Devices of the Ministry of Education, School of Electronic Science and
Engineering, Xi’an Jiaotong University, Xi’an 710049, China; wbgwei@xjtu.edu.cn (Q.W.);
xiaofan.z@xjtu.edu.cn (X.Z.); leaf-lin@xjtu.edu.cn (F.L.); wangrz@xjtu.edu.cn (R.W.);
genqiangchen@stu.xjtu.edu.cn (G.C.)
* Correspondence: hxwangcn@xjtu.edu.cn
† These two authors contributed equally to this study and share the first authorship.

Abstract: Two types of a trench with conventional vertical and new reverse-V-shaped cross-sections
were fabricated on single crystal diamond (SCD) substrate using a micro-jet water-assisted laser.
In addition, a microwave plasma chemical vapor deposition device was used to produce multiple
micrometer-sized channels using the epitaxial lateral overgrowth technique. Raman and SEM
methods were applied to analyze both types of growth layer characterization. The hollowness of the
microchannels was measured using an optical microscope. According to the findings, the epitaxial
lateral overgrowth layer of the novel reverse-V-shaped trench produced improved SCD surface
morphology and crystal quality.

Keywords: single crystal diamond; micro-water jet guided laser; microchannel

1. Introduction

Infiltrated with ever-advancing power semiconductor devices in the third century,
they played a significant role in daily life. The objective is to make power semiconductors
faster, smaller, lighter, and durable, resulting in lower overall device costs. However,
high-temperature operations require a lot of power. Therefore, the diamond semiconductor,
one of the most promising materials in industrial applications, has received significant
research attention in electronic process thermal management, because of its stable chemical
properties, high-temperature operation, and low friction coefficient and low thermal ex-
pansion coefficient. In addition, diamond has an extremely hard-wearing resistance and
thermal conductivity of 2000–2600 W/(m·K) [1,2].

Diamond with microchannels is an ideal substrate for cooling chip temperatures
and achieving low thermal resistance [3–5]; enlarging surface and heat exchange areas of
catalytic elements [6–9], and assisting with liquid transport as a stent in medical equip-
ment [10,11]. Due to the wider application of diamond microchannels, the importance of
improving microchannel fabrication has increased.

Ion beam lithography is the most commonly documented method of fabricating single-
crystal diamond microchannels [12,13], and microstructures are prepared on diamond
substrates by femtosecond laser technique [14,15]. At the same time, epitaxial lateral
overgrowth techniques are adopted to form closed channels [16–18]. Cutting trenches
using a perpendicular micro-jet water-guided laser as a feasible means of fabricating a
single crystal diamond (SCD) microchannel has been reported [19]; however, the surface
quality of this type of microchannel was not improved, and defects remained. Therefore,
a new method of producing microchannels with improved performance and efficiency is
needed.
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This research work concerns the production of three-dimensional microchannels with
large and controllable geometry on SCD substrate. The cross-section of the microchannel on
SCD substrate had a reverse-V shape, which was machined using a micro-jet water-assisted
laser. Then, epitaxial lateral overgrowth was applied using a microwave plasma chemical
vapor deposition system on the processed substrate. An optical microscope and scanning
electron microscope (SEM) were used to distinguish the differences in the growth area
and identify growth layer morphology, and determine the channel hollowness. Raman
and X-ray diffraction (XRD) techniques were applied for characterization and quality
determination. Finally, the principle of growth is shown in illustrations schematically.

2. Experiment

A high-pressure and high-temperature (HPHT) SCD (001) substrate was used as the
experimental material, an Ib type monocrystalline diamond purchased by “Element 6”
(Element Six UK Ltd., Oxfordshire, UK), with a deflection angle of 0.002◦ on its (001)
surface. The full width at half maximum of the rocking curve in (004) direction is 0.015◦,
and lattice relaxation characteristics show in (311) direction, indicating that this HPHT
substrate has good single crystal quality. Furthermore, it was found that there were obvious
nitrogen-related optical characteristics in the monophonic region (1 of 400–1400 cm) by FTIR
spectrum test (Nicolet iS50, Thermo Scientific, Waltham, MA, USA). Therefore, it accords
with the characteristics of type Ib monocrystalline diamond [20,21], with dimensions of
3 × 3 × 1 mm3. The substrate was placed on the three-dimensional X-, Y-, and Z-axis
removable workpiece stage of a laser system, which comprised a Nd:YAG (Neodymium
Doped Yttrium Aluminum Garnet) laser (Lee Laser Inc., Orlando, FL, USA) and a 50 W
high-power supply. The laser wavelength was 532 nm, and the focusing system consisted
of quartz optical lenses; the water chamber was filled with ultra-pure de-ionized (DI) water
(Elga, Altleiningen, Germany). The laser beam focused by focusing lens and completely
reflected at the air-water interface in a manner similar to optical fiber. The protect gas was
used to prolong micro-thin water jet, which guides the laser mean precisely and avoids
beam divergent. The machining heat on cutting zone and debris is eliminated by water-jet
and leaves a smooth kerf. The DI water pressure, nozzle diameter, and helium protect gas
flow were 400 bar, 50 µm, and 1.1 L/min, respectively. The cutting speed was held constant
at 8 mm/s based on a previous research result. The SCD substrate was treated by micro-jet
water-assisted laser and rotated in certain degree as shown in Figure 1.

Figure 1. Schematic of the micro-jet water-assisted laser.

Two styles of the trench were fabricated. The first was a conventional trench, for
which the laser was positioned perpendicular to the SCD substrate surface, resulting in
an approximately rectangular cross-section. The other was an exploratory trench with
a reverse-V-shaped cross-section. In detail, the diamond substrate was cut twice by the
micro-jet water-assisted laser and rotated twice by a given number of degrees with a shared
opening.
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Because the inner face of the SCD substrate trench was carbonized by laser machining,
hydrogen/oxygen plasma and a mixed acid of H2SO4 (Alfa Aesar, Waltham, MA, USA)
and HNO3 (Alfa Aesar, Waltham, MA, USA) at 250 ◦C were applied for 3 h to clean the
non-diamond phase. The growth conditions were as follows: 950 ◦C substrate temperature,
500 sccm of H2 flow, 40 sccm of CH4 flow, and gas pressure of 110 Torr. It took 10 h to
obtain the desirable as-grown diamond layer and the thickness was about 100 µm. The
epitaxial lateral overgrowth (ELO) method was applied to assist with merging the trench
sidewalls and the formation of microchannels.

3. Results and Discussion

The SEM images (Gemini SEM 500, Zeiss, Jena, Germany) of conventional perpendic-
ular trenches in the diamond substrate after laser treatment are shown in Figure 2a, which
shows that the trenches made by the traditional method are parallel, characterized by
perfect uniformity with clearly visible borders. The morphology of each trench is identical,
with trench length, top opening width, central width, and overall depth of 3 mm, 55 µm,
55 µm, and 265 µm, respectively, as shown in Figure 2c. The width of the fabricated trench
indicates that the cross-section after laser treatment was an approximate rectangle shape
with a curved bottom, as shown in Figure 2c. Figure 2b is a SEM image of the cross-section
of the diamond substrate after epitaxial lateral overgrowth using the microwave plasma
chemical vapor deposition system; the figure shows that the trench top is closed and fully
covered by single crystal diamond using epitaxial overgrowth process.

Figure 2. Cross-section SEM image of single crystal diamond (SCD) substrate (a) after laser treatment
(45◦); (b) after epitaxial lateral diamond overgrowth; (c) enlarged view of trenches; (d) enlarged view
of (b).

After merging, growth occurred in horizontal and vertical directions on the entire
surface of the substrate crystal, allowing a good quality SCD layer to be obtained. The SEM
image of the enlarged trench cross-section after growth is shown in Figure 2d; notably, the
top width decreased to 35 µm. However, the central width was maintained at 55 µm. Based
on these observations, we calculated the opening width reduced by 36%. Furthermore,
after 10 h of epitaxial lateral overgrowth, the sidewalls of each trench gradually merged
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into each other during horizontal and vertical growth, indicating the water drop-shaped
microchannel was fabricated, and its overall depth was greater than the trench depth.

An optical microscope in reflection mode (STM7, Olympus Corporation, Tokyo, Japan)
was used to explore the morphologies around the microchannel, as shown in Figure 3a,
where the dark stripes represent microchannels and the bright area represents homoepitax-
ial growth. In addition, the Raman spectra (Laser Raman Spectrometer, Horiba Scientific,
Kyoto, Japan) were collected from points (a–e) specified on the optical microscope pic-
ture of the substrate the following growth to analyze the diamond structure and phase
composition along the channel.

Figure 3. (a) After growth of the image; (b) Raman spectra taken from different locations around the channel (as shown in
the adjacent images).

The Raman excitation wavelength was 532 nm, which shows a strong peak at 1332 cm−1

in all five (a–e) regions, indicating a good composition of the single-crystal diamond [22,23],
as shown in Figure 3b. In addition, a peak was located in the Raman spectrum at 1430–1470
cm−1, and there was a characteristic peak produced by transpolyacetylene [24], which
often appears in CVD diamond. It could be seen that the transpolyacetylene peak at points
a, b and c was extremely poor, while being significantly enhanced at positions b and d. In
addition, a characteristic peak appeared at 1550 cm−1, indicating disordered carbon corre-
lation [25,26]. The peak position coincided with the cutting groove area, which indicated
that the graphitization on the diamond surface caused by laser was not eliminated in the
pickling process. It is rare that the characteristic peak shows in 1060 cm−1 different from
T peak, which is only seen in ultraviolet excitation [24]. The excitation spectrum around
1060 cm−1 was triggered by a kind of polyacetylene with a long molecular chain. Harada
I et al. [27] mention that the molecular chain with energy bands close to the excitation
source will be preferentially excited under different excitation energies. Gussoni et al. also
recorded the peaks of Raman spectrum at 1070 and 1470 cm−1 by Raman transitions with
higher excitation energies [28,29]. It is speculated that 1060 cm−1 is the characteristic peak
of polyacetylene, corresponding to the peak at 1450 cm−1. Therefore, the conventional
vertical trench after growth at positions b and d shows the characteristic peak at 1060 cm−1,
revealing polyacetylene in diamond growth.

Figure 4a shows a schematic diagram of the formation of the reverse-V-shaped trench.
The flat HPHT SCD substrate was rotated 30◦ to a vertical direction to fabricate the first
tilted channel using the micro-jet water-guided laser and then rotated −30◦ to fabricate the
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second channel by sharing the top opening. Following the cutting procedure, the substrate
was subjected to acid cleaning to remove all graphite residue and flaws left by the laser
treatment. The growth of the substrate was carried out via epitaxial lateral overgrowth
using a microwave plasma chemical vapor deposition system (6500, SEKI, Japan) under
the same conditions as those used for the conventional perpendicular trenches. In the SEM
image of the cross-section after growth, it is noticeable that the reverse-V-shaped trench
opening completely disappeared, leaving a triangle shape and a closed surface free of
any defects, as shown in Figure 4b. The top opening width decreased from 74 to 69 µm,
indicating shrinkage of 7%, and lateral growth was effectively inhibited. The trench top
gradually closed during the merger of horizontal and vertical growth, showing that the
overall depth was greater than that before the growth, and all of the trenches formed a
reverse-V-shaped microchannel.

Figure 4. (a) SEM image of reverse-V-shaped microchannel; (b) After growth.

The surface optical microscope image of the reverse-V-shaped microchannel after
growth is shown in Figure 5a, revealing a larger dark stripe than that of the conventional
vertical channel. Both dark and light regions indicate a consistent morphology of single-
crystal diamond characterization. Raman spectra at an excitation wavelength of 532 nm
were applied to investigate the crystal composition around the microchannel, for which
positions a–c are marked, as shown in Figure 5. It indicates a very poor transpolyacetylene
peak at 1430–1470 cm−1, additionally to a strong peak at 1332 cm−1 in positions a and c.
The transpolyacetylene peak and weak disordered carbon peak could still be measured at
point b. Still, it was significantly lower than that in Figure 3b at 1060 cm−1, indicating that
the cutting grooves of two structures affected the growth of epitaxy diamond crystals.

Types of microchannel Figure 6 show the results of XRD (X’pert Pro MRD, PANalytical,
Kassel, Germany) examination following the growth. XRD analysis was conducted, as
shown in Figure 6. The full width at half maximum value of substrate was 0.015◦ (Figure 6a),
and those of the epitaxial lateral overgrowth film of the conventional vertical microchannel
and the reverse-V-shaped microchannel were 0.042◦ and 0.031◦, respectively; which are
presented in Figure 6b,c. It is noticeable that the quality of the epitaxial lateral overgrowth
value of the reverse-V-shaped cutting strategy is better than that of the conventional vertical
microchannel, and is comparable to the substrate, indicating an acceptable quality.
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Figure 5. (a) SEM image after the growth; (b) Raman spectra taken from different locations around
the channel (as shown in the adjacent images).

Figure 6. XRD scanning: (a) SCD substrate; (b) vertical microchannel; (c) reverse-V-shaped microchannel.

Finally, the principle of the growing difference of each type of microchannel was
analyzed; schematic diagrams of the growth status of the conventional vertical trench and
reverse-V-shaped trench are shown in Figure 7, respectively. During the growth stage,
reaction gas penetrated the microchannel and interacted with the channel inter-wall of
the single-crystal diamond. It is noticeable that the reaction gas concentration decreased
with the increase in channel depth. About the ELO process, optimal growth of (110) or
(111) surfaces was required to merge the channels. However, in the vertical cutting groove,
there was a small amount of graphitized surface on the cutting surface due to the action of
the diamond laser, with relatively large roughness. Besides, the quality of the diamond
growing on the surface was significantly affected, and many dislocations were generated.
As the diamond grew, the dislocation was transferred to its surface, as shown in Figure 7a.
It can be seen from Figure 2d that the convergence of the sidewall started from the inside
of the cutting, thus forming a contractionary teardrop-shaped cross-section channel.
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Figure 7. Two types of microchannel: (a) vertical trench; (b) reverse-V-shaped trench; (c) etch pit distribution of vertical
trench; (d) etch pit distribution of reverse-V-shaped trench.

The cross-section of the conventional vertical microchannel reveals a smaller cavity
area than that of the reverse-V-shaped channel. Therefore, the concentrations of reaction
gas in the inter-wall of the two types of the microchannel are significantly different. The
growing environment during the SCD formation of the conventional vertical microchannel
is more concentrated and expands inwards. The central and bottom areas of the reverse-
V-shaped microchannel barely interact with the gas, so the growth rate of the sidewall is
really slow, and only a few defects generated by the sidewall growth are transferred to
the diamond surface by (111) surfaces [30,31]. As a result, the surface defects are reduced,
resulting in slow groove shrinkage. As shown in Figure 7b, the two samples were etched
by H2/O2 plasma. The 500 sccm flow rate of H2 and 5 sccm flow rate of O2 forming
H2/O2 plasma were used to etch the diamond surface to express dislocation [32]. The
cavity pressure, microwave power, temperature and time were 90 torr, 3000 W, 1000 ◦C and
60 min, respectively, an etching process. Figure 7c shows the etching pits on the surface of
the vertical channel. It can be seen that the areas on both sides of the channel are relatively
bright, which states that the density of etching pits is low; while in the groove area, it is
significantly increased. However, in the area of reverse-V-shaped microchannel, the density
of etching pits decreases significantly.

This is because most of the area is high-quality crystals produced by the lateral epitaxy
on the surface. In contrast, in the center area of the groove, a relatively high defect shadow
area with a width of about 10 µm appears, which also proves the rationality of the model
in Figure 7b.

Because the channel inter-wall was roughened by amorphous diamond during laser
cutting, flaws and defects appeared and affected the quality of lateral growth. The compar-
ison shows that the reverse-V-shaped microchannel can improve the top surface quality of
the microchannel and inhibit extended defects.

Figure 8a shows the optical microscope image of the reverse-V-shaped microchannel
cross-section, for which the boundary can be observed under a white backlight. To deter-
mine the hollowness and continuity, as shown in Figure 8b, an optical microscope image
of the microchannel cross-section was taken using a red backlight from the front and rear,
which indicated that the microchannel was coherent and continuous.
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Figure 8. Cross-section optical microscope images of SCD microchannels with various backlights
from (a) white light; (b) red light.

4. Conclusions

In summary, reverse-V-shaped three-dimensional microchannels in single crystal
diamond were fabricated. First, micro-trenches were fabricated using a micro-jet water-
assisted laser cutting technique. This was followed by the fabrication of microchannels
using an epitaxial lateral overgrowth technique. Optical microscope and SEM images
showed the morphologies and structures of microchannel formation. Raman and XRD
spectra were used to evaluate the characteristics of the crystal after growth and indicated
an acceptable single-crystal diamond quality was achieved. Schematics were used to
illustrate the advantages of the reverse-V-shaped microchannel in inhibiting diamond
growth defects compared to the conventional vertical microchannel. The coherence and
hollowness of the reverse-V-shaped microchannel were determined using backlights of
two colors and indicated the microchannel’s consistency and continuity. This work could
provide a controllable process to fabricate single-crystal diamond heat sinks for application
in high-power devices.

Author Contributions: Conceptualization, Q.W. and H.-X.W.; Methodology, X.Z.; Investigation,
Q.W. and X.Z.; Data curation F.L. and G.C.; Writing—original draft, R.W. and F.L.; Writing—Review
and editing, G.C.; Validation, R.W.; Supervision, H.-X.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by National Key Research and Development Program of
China (Grant No. 2018YFE0125900), National Natural Science Foundation of China (Grant No.
61627812, 61804122), China Postdoctoral Science Foundation (Grant No. 2019M653637, 2019M660256,
2020M683485).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions, eg privacy or ethical.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. May, P.W. Materials science: The new diamond age? Science 2008, 319, 1490–1491. [CrossRef]
2. Isberg, J.; Hammersberg, J.; Bernhoff, H.; Twitchen, D.J.; Whitehead, A.J. Charge collection distance measurements in single and

polycrystalline CVD diamond. Diam. Relat. Mater. 2004, 13, 872–875. [CrossRef]
3. Hetsroni, G.; Mosyak, A.; Pogrebnyak, E.; Yarin, L.P. Fluid flow in micro-channels. Int. J. Heat Mass Transf. 2005, 48, 1982–1998.

[CrossRef]
4. Anthony, T.R.; Banholzer, W.F.; Fleischer, J.F.; Wei, L.; Kuo, P.K. Thermal diffusivity of isotopically enriched 12C diamond. Phys.

Rev. B 1990, 42, 1104–1111. [CrossRef]
5. Han, Y.; Lau, B.L.; Zhang, X.; Leong, Y.C.; Choo, K.F. Enhancement of hotspot cooling with diamond heat spreader on Cu

microchannel heat sink for GaN-on-Si device. IEEE Trans. Compon. Packag. Manuf. Technol. 2014, 4, 983–990. [CrossRef]

http://doi.org/10.1126/science.1154949
http://doi.org/10.1016/j.diamond.2003.11.065
http://doi.org/10.1016/j.ijheatmasstransfer.2004.12.019
http://doi.org/10.1103/PhysRevB.42.1104
http://doi.org/10.1109/TCPMT.2014.2315234


Materials 2021, 14, 3006 9 of 10

6. Fedorov, A.G.; Viskanta, R. Three-dimensional conjugate heat transfer in the microchannel heat sink for electronic packaging. Int.
J. Heat Mass Transf. 2000, 43, 399–415. [CrossRef]

7. Parasuraman, P.S.; Ho, J.H.; Lin, M.H.; Ho, C.H. In-Plane Axially Enhanced Photocatalysis by Re4 Diamond Chains in Layered
ReS2. J. Phys. Chem. C 2018, 122, 18776–18784. [CrossRef]

8. Su, R.; Liu, Z.; Abbasi, H.N.; Wei, J.; Wang, H. Visible-light activation of photocatalytic for reduction of nitrogen to ammonia by
introducing impurity defect levels into nanocrystalline diamond. Materials 2020, 13, 4559. [CrossRef]

9. Fadzin, K.A.; Lee, A. Heat transfer enhancement in microchannel using nanofluids. Appl. Mech. Mater. 2014, 465–466, 536–540.
[CrossRef]

10. Airoldi, F.; Colombo, A.; Tavano, D.; Stamkovic, G.; Klugmann, S.; Paolillo, V.; Bonizzoni, E.; Briguori, C.; Carlino, M.; Montorfano,
M.; et al. Comparison of diamond-like carbon-coated stents versus uncoated stainless steel stents in coronary artery disease. Am.
J. Cardiol. 2004, 93, 474–477. [CrossRef]

11. Salahas, A.; Vrahatis, A.; Karabinos, I.; Antonellis, I.; Ifantis, G.; Gavaliatsis, I.; Anthopoulos, P.; Tavernarakis, A. Success, safety,
and efficacy of implantation of diamond-like carbon-coated stents. Angiology 2007, 58, 203–210. [CrossRef] [PubMed]

12. Ditalia Tchernij, S.; Skukan, N.; Picollo, F.; Battiato, A.; Grilj, V.; Amato, G.; Boarino, L.; Enrico, E.; Jaksic, M.; Olivero, P.; et al.
Electrical characterization of a graphite-diamond-graphite junction fabricated by MeV carbon implantation. Diam. Relat. Mater.
2017, 74, 125–131. [CrossRef]

13. Liang, Y.; Zhu, T.; Xi, M.; Abbasi, H.N.; Fu, J.; Su, R.; Song, Z.; Wang, H.; Wang, K. Fabrication of a diamond concave microlens
array for laser beam homogenization. Opt. Laser Technol. 2021, 136, 106738. [CrossRef]

14. Trucchi, D.M.; Bellucci, A.; Girolami, M.; Mastellone, M.; Orlando, S. Surface texturing of CVD diamond assisted by ultrashot
laser pulses. Coatings 2017, 7, 185. [CrossRef]

15. Bharadwaj, V.; Jedrkiewicz, O.; Hadden, J.P.; Sotillo, B.; Vazquez, M.R.; Dentella, P.; Fernandez, T.T.; Chiappini, A.; Giakoumaki,
A.N.; Phu, T.L.; et al. Femtosecond laser written photonic and microfluidic circuits in diamond. J. Phys. Photonics 2019, 1, 22001.
[CrossRef]

16. Fu, J.; Zhu, T.F.; Zhang, M.H.; Zhang, X.; Li, F.N.; Liu, Z.C.; Denu, G.A.; Wang, Y.F.; Zhao, D.; Shao, G.Q.; et al. Fabrication of
single crystal diamond microchannels for micro-electromechanical systems. Diam. Relat. Mater. 2017, 80, 64–68. [CrossRef]

17. Tallaire, A.; Achard, J.; Brinza, O.; Mille, V.; Naamoun, M.; Silva, F.; Gicquel, A. Growth strategy for controlling dislocation
densities and crystal morphologies of single crystal diamond by using pyramidal-shape substrates. Diam. Relat. Mater. 2013, 33,
71–77. [CrossRef]

18. Tallaire, A.; Brinza, O.; Mille, V.; William, L.; Achard, J. Reduction of Dislocations in Single Crystal Diamond by Lateral Growth
over a Macroscopic Hole. Adv. Mater. 2017, 29, 1–5. [CrossRef] [PubMed]

19. Fu, J.; Wang, Y.; Wang, J.; Liu, Z.; Wang, R.; Zhu, T.; Liang, Y.; Shao, G.; Liu, Z.; Zhao, D. Fabrication of hundreds of microns
three-dimensional single crystal diamond channel along with high aspect ratio by two-step process. Mater. Lett. 2019, 255,
126556–126559. [CrossRef]

20. Chernykh, S.V.; Chernykh, A.V.; Tarelkin, S.A.; Kondakov, M.; Shcherbachev, K.; Trifonova, E.; Drozdova, T.; Troschiev, S.;
Prikhodko, D.; Glybin, Y.; et al. High-Pressure High-Temperature Single-Crystal Diamond Type IIa Characterization for Particle
Detectors. Phys. Status Solidi Appl. Mater. Sci. 2020, 217, 1–8. [CrossRef]

21. Klepikov, I.V.; Koliadin, A.V.; Vasilev, E.A. Analysis of type IIb synthetic diamond using FTIR spectrometry. IOP Conf. Ser. Mater.
Sci. Eng. 2017, 286, 012035. [CrossRef]

22. Washington, M.A.; Cummins, H.Z. Linewidth of the sharp two-phonon Raman peak in diamond. Phys. Rev. B 1977, 15, 5840–5842.
[CrossRef]

23. Mehmel, L.; Issaoui, R.; Brinza, O.; Tallaire, A.; Achard, J. Dislocation density reduction using overgrowth on hole arrays made in
heteroepitaxial diamond substrates. Appl. Phys. Lett. 2021, 118, 61901. [CrossRef]

24. Ferrari, A.C.; Robertson, J. Origin of the 1150−cm−1 Raman mode in nanocrystalline diamond. Phys. Rev. B Condens. Matter
Mater. Phys. 2001, 63, 2–5. [CrossRef]

25. Dutta, G.; Tan, C.; Siddiqui, S.; Arumugam, P.U. Enabling long term monitoring of dopamine using dimensionally stable
ultrananocrystalline diamond microelectrodes. Mater. Res. Express 2016, 3, 094001. [CrossRef] [PubMed]

26. Prawer, S.; Nemanich, R.J. Raman spectroscopy of diamond and doped diamond. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci.
2004, 362, 2537–2565. [CrossRef]

27. Harada, I.; Furukawa, Y.; Tasumi, M.; Shirakawa, H.; Ikeda, S. Spectroscopic studies on doped polyacetylene and β-carotene. J.
Chem. Phys. 1980, 73, 4746–4757. [CrossRef]

28. Castiglioni, C.; Tommasini, M.; Zerbi, G. Raman spectroscopy of polyconjugated molecules and materials: Confinement effect in
one and two dimensions. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2004, 362, 2425–2459. [CrossRef]

29. Gussoni, M.; Castiglioni, C.; Zerbi, G. Vibrational spectroscopy of polyconjugated materials: Polyacetylene and polyenes. In
Advances in Spectroscopy; Wiley: Hoboken, NJ, USA, 1991; pp. 251–353.

30. Ichikawa, K.; Kodama, H.; Suzuki, K.; Sawabe, A. Effect of stripe orientation on dislocation propagation in epitaxial lateral
overgrowth diamond on Ir. Diam. Relat. Mater. 2017, 72, 114–118. [CrossRef]

http://doi.org/10.1016/S0017-9310(99)00151-9
http://doi.org/10.1021/acs.jpcc.8b05946
http://doi.org/10.3390/ma13204559
http://doi.org/10.4028/www.scientific.net/AMM.465-466.536
http://doi.org/10.1016/j.amjcard.2003.10.048
http://doi.org/10.1177/0003319707300360
http://www.ncbi.nlm.nih.gov/pubmed/17495270
http://doi.org/10.1016/j.diamond.2017.02.019
http://doi.org/10.1016/j.optlastec.2020.106738
http://doi.org/10.3390/coatings7110185
http://doi.org/10.1088/2515-7647/ab0c4e
http://doi.org/10.1016/j.diamond.2017.09.016
http://doi.org/10.1016/j.diamond.2013.01.006
http://doi.org/10.1002/adma.201604823
http://www.ncbi.nlm.nih.gov/pubmed/28218441
http://doi.org/10.1016/j.matlet.2019.126556
http://doi.org/10.1002/pssa.201900888
http://doi.org/10.1088/1757-899X/286/1/012035
http://doi.org/10.1103/PhysRevB.15.5840
http://doi.org/10.1063/5.0033741
http://doi.org/10.1103/PhysRevB.63.121405
http://doi.org/10.1088/2053-1591/3/9/094001
http://www.ncbi.nlm.nih.gov/pubmed/32391160
http://doi.org/10.1098/rsta.2004.1451
http://doi.org/10.1063/1.440007
http://doi.org/10.1098/rsta.2004.1448
http://doi.org/10.1016/j.diamond.2017.01.002


Materials 2021, 14, 3006 10 of 10

31. Ohmagari, S.; Yamada, H.; Tsubouchi, N.; Umezawa, H.; Chayahara, A.; Tanaka, S.; Mokuno, Y. Large reduction of threading
dislocations in diamond by hot-filament chemical vapor deposition accompanying W incorporations. Appl. Phys. Lett. 2018, 113,
032108. [CrossRef]

32. Tallaire, A.; Kasu, M.; Ueda, K.; Makimoto, T. Origin of growth defects in CVD diamond epitaxial films. Diam. Relat. Mater. 2008,
17, 60–65. [CrossRef]

http://doi.org/10.1063/1.5040658
http://doi.org/10.1016/j.diamond.2007.10.003

	Introduction 
	Experiment 
	Results and Discussion 
	Conclusions 
	References

