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Abstract: Two types of trenches cross-section in conventional vertical and brand new reverse-V-
shape have fabricated on SCD substrate by micro-jet water-assist laser, the epitaxial lateral over-
growth technique has applied by microwave plasma chemical vapor deposition system in forming
multiple micrometer-size channels. Raman and SEM techniques have applied in analyze both types
growth layer characterization. Optical microscope has used to test microchannels hollowness. As a
result, with the brand new reverse-V-shape trench, epitaxial lateral overgrowth layer reaches higher
SCD surface morphology and crystal quality.
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1. Introduction

Diamond, one of the most promising material, has brought lots of attention to re-
searchers in electronic process thermal management, because of its stable chemical prop-
erties, high-temperature operation and low friction coefficient of thermal expansion. In
addition, diamond has super hard wearing resistance and has 2000-2600 W/m<k thermal
conductivity [1,2]. Diamond with microchannel is ideal substrate in cooling chip temper-
ature and achieve low thermal resistance [3,4]; in enlarging surface and heat exchange
areas of catalytic elements; and in assisting liquid pass through as a stent in medical equip-
ment area. Therefore, The wilder of diamond microchannel application, the more im-
portant of quality improvement since then.

The most common reported single crystal diamond microchannel fabrication were
used ion beam lithography [5] and epitaxial lateral overgrowth techniques [6]. An article
of micro-water jet guided laser perpendicular cutting trenches as a feasible way to fabri-
cate single crystal diamond (SCD) microchannel has been reported [7], but the surface
quality of that type of microchannel has not been improved and the defects have not been
inhibited. Therefore, a better performance microchannel fabrication with an efficiency
method is needed.

This research work has carried out a three-dimensional microchannel with fairly
large and controllable geometry on SCD substrate. The cross-section of microchannel on
SCD substrate is a reverse-V-shape, which has machined by micro-jet water-assist laser.
Then, epitaxial lateral overgrowth has applied by microwave plasma chemical vapor dep-
osition system on processed substrate. Optical microscope and scanning electron micro-
scope (SEM) were used to distinguish the difference of growth area and identify growth
layer morphology as well as testing channel hollowness. Raman and X-ray diffraction
(XRD) techniques were applied in characterization and quality determination. Finally, the
growth principles were analyzed in schematic illustration.

2. Materials and Methods
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The high-pressure high-temperature (HPHT) SCD (1 0 0) substrate was used as the
experimental material in the dimensional of 3 mm x 3 mm x 1 mm. The substrate was
located on a three dimension X- Y- and Z-axis removable work piece stage of laser system,
which contained a Nd:YAG (Neodymium Doped Yttrium Aluminum Garnet) laser, and
a 50 W high-power supply. The wavelength of the laser was 532 nm and the focusing
system consisted quartz optical lenses, and the water chamber was filled with ultra-pure
de-ionized (DI) water. The DI water pressure, nozzle diameter and helium protect gas
flow were 400 bar, 50 pim and 1.1 L/min, respectively. The cutting speed was kept constant
at 8 mm/s coming from the previous research result.
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Figure 1. Schematic of the micro-jet water-assist laser working principle.

There were two different styles of trenches have brought out, one is conventional one
which laser perpendicular to SCD substrate surface cutting indicating an approximate
rectangle on cross section. The other is an exploratory trench which the cross section
showing a reverse V-shape. In detail, diamond substrate was cut twice by micro-jet water-
assist laser and was rotated twice in a certain degree with a sharing opening.

Because SCD substrate trench inner-face was carbonized by laser machining, hydro-
gen/oxygen plasma and a mixed acid of H2504 and HNO3 at 250°C for 3 hrs were applied
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
has taken 10 hrs to reach the desirable as-grown diamond layer and the thickness was
about 100um. The epitaxial lateral overgrowth (ELO) method [8] was applied in helping
trenches sidewall merging and forming microchannels.

3. Results and discussion

The SEM images of conventional perpendicular trenches in diamond substrate after
laser treatment are shown in Figure 2. It is shown that multiple trenches are parallel and
running through diamond surface in Figure 2(a), exhibiting a nice uniformity with clear
boundary. The morphology of each trench is identical, which the trench length, top open-
ing width, central width and overall depth are 3mm, 55um, 55um, and 265um respectively
as shown in Figure 2(c). The width of the fabricated indicating that the cross section after
laser treatment is approximate a rectangle shape with a curvy bottom as shown in Figure
2(c). Figure 2(b) is a cross section SEM image of diamond substrate after epitaxial lateral
overgrowth by microwave plasma chemical vapor deposition system, exhibiting the
trench top is closed and fully covered by epitaxial lateral overgrowth. The horizontal di-
rection and vertical direction, after merging, growth occurred the entire surface of the
substrate crystal, allowing a good quality layer SCD to be obtained. The SEM image of
enlarged after growth trench cross section is shown in Figure 2(d), which is notable the
top width is decreased to 35 nm, however, the central width kept as 55 nm. Base on the
observations, we calculated the opening width has shrunk by 36%. After 10 hours
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epitaxial lateral overgrowth, the sidewalls of each trench gradually merged into one an-
other during horizontal and vertical growth, indicating the water drop-shaped micro-
channel has been fabricated and its overall depth is longer than trench depth.
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Figure 2. Cross section SEM image of SCD substrate (a)after laser treatment(45°); (b) after epitaxial
lateral diamond overgrowth; (c) Enlarged view of trenches; (d)Enlarged view of (b).
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Figure 3. (a)After growth of the image; (b) Raman spectra taken from different locations around the channel (as shown in
the adjacent images).

In order to investigate the morphologies around the microchannel, the optical micro-
scope image was taken under back-light as shown in Figure 3(a), which the dark stripes
representing microchannels and the light area indicating Homoepitaxial growth. In or-
der to study the composition around the channel, Raman measurements were performed
in the position (a-e) indicated on the substrate after growth optical microscope image .
The Raman excitation wavelength was 532 nm. It shows a strong peak at 1332 cm-1 in all
five (a-e) regions, indicating a good composition of single crystal diamond [9] as shown
in Figure 3(b). As meanwhile, a peak located in Raman spectra at 1430-1470 cm-1, a slight
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N photoluminescence peaks appearing in the position of a, c and e. Raman spectra in mi-
crochannel (position b and d) are approaching sp3 carbon peak at 1060cm-! [10], as well as
that of sp2 amorphous carbon peak located at 1550 cm-1can be observed [11]. These sug-
gest that amorphous carbon was first formed on microchannel position and some sp3 hy-
bridization carbon mixed up with sp2 amorphous carbon [12].

Figure 4(a) shows schematic diagram of formation of reverse V-shape trench. The flat
HPHT SCD substrate was rotated 30° to vertical direction to get the first tilted channel by
micro-water jet guided laser and then rotated -30° to get the second channel with Sharing
the top opening. Following the cutting procedure the substrate was submitted to acid
cleaning in order to remove all graphite residues and flaws left by laser treatment. The
growth of substrate was carried out by epitaxial lateral overgrowth by microwave plasma
chemical vapor deposition system as same condition as conventional perpendicular
trenches. The SEM image of cross section after-growth, which is noticeable that reverse V-
shape trench top opening completely disappeared, leaving a triangle shape and closed
surface free of any defects, as shown in Figure 4(b). The top opening width was decreased
from 74um to 69 um, which was calculated shrinking by 7% and lateral growth was effec-
tively inhibited. The trench top gradually closed during horizontal and vertical growth
merging, indicating the overall depth is longer than before growth and all the trenches
formed reverse V-shape microchannel.

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

The after-growth surface optical microscope image of reverse-V-shape microchannel
after growth is shown in Figure 5a revealing a fairly larger dark stripe than that of con-
ventional vertical channel. Both dark and light regions appear consistent morphology of
single crystal diamond characterization. Raman spectra in 532 nm excitation wavelength
was applied to investigate the crystal composition around microchannel, which position
a-c were marked as shown in Figure 5b. It shows a very week N photoluminescence peak
at 1430-1470 cm-1 besides a strong peak at 1332 cm-1 in a and ¢ positions. However, a
slight sp3 hybridization carbon peak at 1060cm-1 and barely sp2 amorphous carbon peak
at 1550 cm-1 can be observed in position b. These phenomena indicate homoepitaxial af-
ter-growth surface quality has not affected by applying reverse-V-shape microchannel.
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Figure 5. (a)After growth of the image; (b)Raman spectra taken from different locations around the channel(as shown in
the adjacent images).

To evaluate and compare the quality of substrate and after growth films of two dif-
ferent microchannel types, XRD technique has been carried out as shown in Figure 6. The
full widths at half maximum value of substrate is 0.015° (figure 6(a)) and that of epitaxial
lateral overgrowth film of conventional vertical microchannel and reverse-V-shape micro-
channel are 0.042° and 0.031° respectively whose spectra are present in Figure 6 (b) and
(). It is noticeable that the quality of epitaxial lateral overgrowth value of reverse-V-shape
cutting strategy is better than of conventional vertical microchannel, and it's comparable
to the substrate, revealing an acceptable quality.
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Figure 6. XRD Scanning (a)SCD substrate; (b)vertical microchannel; (c)reverse-V-shape microchannel.

Eventually, the principle of growing difference of each type microchannel is ana-
lyzed, which the schematic diagram of conventional vertical trench and reverse-V-shape
growth status are shown in Figure 7 (a) and (b), respectively. At the growth stage, reaction
gas penetrated into microchannel and interacted with channel inter-wall forming single
crystal diamond. It is noticeable that the reaction gas concentration decreased with chan-
nel depth increasing. Because of two types of cutting strategy, the cross section of conven-
tional vertical microchannel revealing smaller cavity area than that of reverse-V-shape.
Therefore, the concentration of reaction gas into inter-wall of two type microchannels are
much different, which the conventional vertical microchannel has more concentrated
growing environment in SCD forming and inward expanding. The reverse-V-shape mi-
crochannel central and bottom area barely interact with gas and restraining defect. Be-
cause the channel inter-wall was rough and with amorphous diamond after laser cutting,
therefore, some flaws and defects start to arise and affect lateral growing quality. For com-
pare and contrast, reverse-V-shape microchannel is better choice to applied in improving
microchannel top surface quality and inhibiting the extended defects.
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Figure 7. Two types microchannel (a)vertical trench; (b)reverse-V-shape trench.

Figure 8 (a) shows the optical microscope image of reverse-V-shape microchannel
cross section, which can be observed clearly with nice boundary under white backlight.
To check the hollowness and continuity, as shown in Figure 7 (b), cross section optical
microscope image of its microchannel with red backlight from front side and backside
were applied, indicating that microchannel were and coherence and continuous.

Figure 8. Cross section optical microscope images of SCD microchannels with various backlight
from (a)white light; (b)red light.

4. Conclusions

In summary, reverse-V-shape three-dimensional microchannels in single crystal dia-
mond have been fully carried out. The first step of micro trenches were fabricated by mi-
cro-jet assisted laser cutting technique and the second step of microchannels were fabri-
cated by epitaxial lateral overgrowth technique. The optical microscope and SEM images
show that morphologies and structures for microchannel formation. Raman and XRD
spectra were used to evaluate after growth crystal characteristics, appearing an acceptable
single crystal diamond quality. Schematic illustrate the advantage of reverse-V-shape mi-
crochannel in inhibiting diamond growth defects compares to co nventional vertical mi-
crochannel. The coherence and hollowness were checked of reverse-V-shape microchan-
nel under two colors of backlight, indicating its consistency and continuity. This work
could provide a controllable process to fabricate single crystal diamond heat sink and ap-
plied in high power devices.
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