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ARTICLE INFO ABSTRACT

Keywords:

U-shaped diamond trenches with vertical {111} sidewalls for power devices were successfully obtained by an-

Ni isotropic etching of diamond (110) surfaces using Ni films in high-temperature (1000 °C) water vapor. The
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etching rate for the diamond (110) surfaces was estimated to be 3.8 pm/min on the basis of the relationship
between etching time and etching depth of diamond trenches with (110) bottoms. These (110) bottoms gra-
dually disappeared as the etching progressed. Finally, they completely vanished and each diamond trench was
surrounded by four vertical {111} sidewalls and two slanted {111} sidewalls. The formation mechanisms of the

U-shaped diamond trenches are also discussed on the basis of the experimental results.

1. Introduction

Diamond has excellent physical, electrical, and mechanical prop-
erties [1]. Therefore, its application as a semiconductor in various de-
vices, including power devices, quantum devices, and microelec-
tromechanical systems (MEMS) has been expected [2-12]. To fabricate
these devices, a diamond etching technique for forming device struc-
tures is indispensable. Conventionally, almost all diamond device
structures have been constructed by top-down plasma etching. How-
ever, for the conventional semiconductor Si, device structures are also
fabricated by wet chemical etching with crystal anisotropies [13-17].
In such crystal anisotropic etching, the etching rate for the (111) planes
is much lower than those for the other planes [18,19]. Accordingly, the
shapes of trenches formed by the anisotropic etching are governed by
angles of the {111} planes with respect to the surface to be etched
[20-24]. To increase the number of feasible diamond device structures,
the crystal anisotropic etching technique for diamond is also important.
However, wet chemical etching cannot be simply applied to diamond
because of its chemical inertness.

A more sophisticated etching technique that uses hydrogen plasma
is available; however, the etching rate is low and selective etching is
difficult because of the difficulty of mask selection [25-27]. However,
diamond etching using Ni films in high-temperature water vapor, which

we have developed as a non-plasma diamond etching technique in re-
cent years, has crystal anisotropy and high selectivity [28]. Moreover,
the etching process has the highest etching rate reported for diamond
(100) surfaces. It can also generate atomically flat diamond (111) re-
gions [28,29]. It therefore has strong potential for use in diamond de-
vice processing. However, because of the angle of the {111} planes with
respect to the surface to be etched, forming U-shaped diamond trenches
with vertical sidewalls on diamond (100) or (111) surfaces is difficult.
Such U-shaped diamond trenches are strongly required, especially for
diamond metal-oxide-semiconductor field-effect transistors (MOSFETSs)
because the U-shaped trench structure enables a lower on-resistance
than other MOSFET structures as a consequence of its higher channel
density [1,30,31].

When Si (110) is subjected to crystal anisotropic wet chemical
etching, U-shaped Si trenches with vertical {111} sidewalls are formed
because of the presence of {111} planes perpendicular to the (110)
surface [22]. Therefore, U-shaped diamond trenches with vertical
{111} sidewalls can be formed on diamond (110) surfaces via diamond
etching using Ni films in high-temperature water vapor [28,29].

In this paper, we report the formation of U-shaped diamond tren-
ches with vertical {111} sidewalls via the anisotropic etching of dia-
mond (110) surfaces using Ni films in high-temperature water vapor.
The formation mechanisms of the U-shaped diamond trenches are
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discussed in detail.

2. Material and methods

High-pressure-high-temperature synthetic Ila-type single-crystal
diamond (110) substrates were used. First, the substrates were im-
mersed into H,SO4/H,0, (1:2) at 120 °C for 15 min to remove surface
contaminants. Second, circular Ni films were formed on the substrate
photolithographically. The thickness and diameters of the circular Ni
films were 0.2 pym and 100, 200, and 300 pm, respectively. Third, the
samples were annealed on a quartz plate in a quartz tube at 1000 °C in
an electric furnace for 1, 8, and 15 min in the presence of water vapor.
The ramp rates of the temperature in the furnace were 20 °C/min from
room temperature to 800 °C and 10 °C/min from 800 °C to 1000 °C. The
water vapor was generated by bubbling 400 sccm of N, gas through
ultrapure water. This annealing is hereafter referred to as “water-vapor
annealing.” Finally, the samples were immersed in a hot mixed acid of
H»S04/HNO3 (3:1) at 220 °C for 20min to remove the deposited films.

The morphology of the sample surfaces was observed and char-
acterized by laser microscopy (LM) using a laser microscope (LEXT
OLS4100, Olympus) and scanning electron microscopy (SEM) using a
scanning electron microscope (S-4500, Hitachi).

3. Results and discussion

Fig. 1 shows three-dimensional (3D) LM height images of the sample
surface morphology (a) after deposition of a Ni film with a diameter of
100 um onto the diamond (110) surface and (b) after water-vapor an-
nealing at 1000°C for 15min and removal of the deposited film. The
diamond under the deposited Ni film was selectively etched, and a
diamond trench was formed. The etching mechanism was discussed in
our previous paper [28]. The shape of the trench was hexagonal on the
diamond (110) surface, and its maximum depth was ~39 um.

Fig. 2 shows a two-dimensional (2D) LM height image of the surface
morphology at the same location represented in Fig. 1(b). Fig. 2(b) and
(c) depicts cross-sectional images corresponding to the line segments
AA’ and BB’ in Fig. 2(a), respectively. The line segments AA’ and BB’ in
Fig. 2(a) were along the <100> and <111) directions, respectively. Re-
garding the middle line of the diamond trench in the (110) direction,
the cross-sectional image corresponding to the line segment symmetric
to the line segment BB’ is equivalent to that corresponding to the line
segment BB’. The protrusion structures near the top and bottom of the
diamond trench are due to noise (see Fig. 3). Fig. 2 shows that the
trench was surrounded by six sidewalls and that four of them inter-
sected the (110) surface vertically on four straight lines in the <112)
directions (hereafter referred to as “vertical sidewalls”); the other two
sidewalls crossed the (110) surface at an angle of ~35° on two straight
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lines in the <110> directions (hereafter referred to as “slanted side-
walls”). This arrangement crystallographically indicates that the six
sidewalls were {111} planes. Therefore, we conclude that a U-shaped
diamond trench with vertical {111} sidewalls can be obtained by ani-
sotropic etching of diamond (110) surfaces using Ni films in high-
temperature water vapor. The slanted {111} sidewalls also intersected
the other sidewalls at an angle of ~110°, immediately below the center
line between the two tangents in the < 110 > direction. Because all of
the diamond trench was surrounded by the {111} sidewalls, it can be
seen that the {111} planes functioned as etching stopping planes. Thus,
the etching rate for the {111} plane was much lower than that for the
{110} plane.

Fig. 3 shows SEM images of the surface of the same U-shaped dia-
mond trench with vertical {111} sidewalls as that shown in Figs. 1(b)
and 2(a): (a) top view, (b) quarter view, and (C) enlarged view of the
area enclosed by the white dashed line in Fig. 3(b). The vertical {111}
sidewalls had relatively rough surfaces, whereas the slanted {111}
sidewalls had smooth surfaces. This difference in sidewall roughness
was likely caused by the difference of the contact time with Ni per unit
area, i.e., the etching time per unit area. The etching time per unit area
for the slanted {111} sidewalls was sufficient because the Ni film was
consistently present on almost all areas of them during the etching
process. However, the etching time per unit area for the vertical {111}
sidewalls was insufficient because the Ni film went down with progress
of etching and the contact between Ni film and each area on the vertical
{111} sidewalls was maintained for only a short time compared to that
on the slanted {111} sidewalls.

Therefore, the vertical {111} sidewalls had a rough surface com-
pared with the slanted {111} sidewalls. With the use of thicker Ni films,
smoother vertical {111} sidewalls might be obtained because the
etching time can be extended.

Fig. 4 shows 3D LM images of the sample surface morphology (a)
after formation of a Ni film with a diameter of 200 pm on the diamond
(110) surface and (b) after water-vapor annealing at 1000°C for 8 min
and removal of the deposited film. After the etching process, a diamond
trench with a maximum depth of ~50 um was formed. The shape of the
trench was not completely hexagonal on the diamond (110) surface,
unlike the one we noticed in Figs. 1(a), 2(b), and 3. In the trench, the
slanted {111} sidewalls were not fully extended; thus, a (110) bottom
was observed. Judging from these images, this diamond trench should
be in its intermediate stage. Hereinafter, a diamond trench with a (110)
bottom is referred to as a diamond trench in its intermediate stage. For
comparison, a diamond trench with no (110) bottom and surrounded by
six {111} sidewalls is referred to as a diamond trench in its final stage.

Fig. 5 shows (a) a 2D LM height image of the surface morphology of
the same location shown in Fig. 4b. Fig. 5b, ¢, and d depicts cross-
sectional images corresponding to the line segments CC’, DD’, and EE’
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Fig. 1. Three-dimensional (3D) LM height images of the sample surface morphology (a) after formation of a Ni film with a diameter of 100 um on the diamond (110)
surface and (b) after water-vapor annealing at 1000 °C for 15min and removal of the deposited film.
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Fig. 2. (a) A two-dimensional (2D) LM height image of the surface morphology at the same location depicted in Fig. 1(b). The line segments AA’ and BB’ in Fig. 2(a)
were along the < 100 > and < 111 > directions, respectively. The protrusion structures near the top and bottom of the diamond trench are due to noise. Cross-
sectional images corresponding to the line segments (b) AA” and (c) BB’ in Fig. 2(a).

in Fig. 5(a), respectively. The line segments CC’, DD’, and EE’ in
Fig. 5(a) were along the < 100 > direction, the <111} direction, and a
direction intermediate between the < 111 > and <110)> directions, re-
spectively. As for cross-sectional images corresponding to the lines in
the directions of < 100 > and < 111 >, no significant difference was
observed compared to those of the diamond trench in its final stage,
except for the existence of a (110) bottom. The (110) bottom was rough
compared with the initial (110) surface, likely because Ni was deformed
by the difference in etching rates between defective areas and non-
defective areas during the etching of the polishing damage layer, which
includes numerous defects [32]. The cross-sectional image corre-
sponding to the line segment EE’ focuses on the place where the slanted
{111} sidewalls do not reach. Therefore, this cross-sectional image is
almost equivalent to that corresponding to the line segment DD’ in an
earlier stage.

Fig. 6 shows etching depth as a function of water-vapor annealing
time at 1000 °C with an approximated straight line. The intercept on the
vertical axis (etching depth at 0 min) indicates that etching occurred as
the temperature was both raised and lowered. Only the depths of dia-
mond trenches in their intermediate stage, which had (110) bottoms,
were used as the etching depth in Fig. 6. The etching rate for diamond
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(110) planes in this process was estimated to be 3.8 uym/min on the
basis of the slope of the approximated straight line. If the etching rate
for (111) is 0, the maximum depth of a trench (D) is decided by the
diameter of Ni film used (Dy;) as the following formula:

Dy tan 35°
= Dwilans>’ 4 35p,,.

D 2 )

According to the formula, when Dy; is 100 pm, Dy« should be
35 um. However, Dy, of 39 um was obtained when a Ni film with a
diameter of 100 pm was used. Judging from the experimental result, the
etching rate for (111) planes is not O essentially or because of the
presence of crystal defects. The etching depth in the < 111 > directions
were determined to be about 2.3 pm from the formula: 4 cos 55 ° .
Therefore, considering the etching occurred as the temperature was
both raised and lowered, etching rate for (111) planes likely to
be < 0.15 um/min in this case. In addition, because the etching rate for
diamond (100) plane in this process is 8.7 ym/min and diamond {111}
planes act as etching stopping planes in this process for both (110) and
(100) planes, the etching rates of this process decrease in the order
[etching rate for (100) plane] > [etching rate for (110)
plane] > [etching rate for (111) plane] [26]. Therefore, the anisotropy

Vertical
{111} sidewalls

Diamond
(110) surface

Fig. 3. SEM images of the surface of the same U-shaped diamond trench with vertical {111} sidewalls shown in Figs. 1(b) and 2(a): (a) top view, (b) quarter view, and

(c) enlarged view of the area enclosed by the white dashed line in Fig. 3(b).
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Fig. 4. 3D LM images of the sample surface morphology (a) after formation of a Ni film with a diameter of 200 pm onto a diamond (110) surface and (b) after water-
vapor annealing at 1000 °C for 8 min and the removal of the deposited film, respectively.

of this process is similar to those of ethylene diamine pyrocatechol
(EDP) and potassium hydroxide (KOH) with isopropyl alcohol (IPA)
processes rather than those of KOH and tetra-methyl-ammonium hy-
droxide (TMAH) processes in terms of Si wet etching processes
[19,33,34].

Fig. 7 shows a schematic explaining the formation mechanism of the
U-shaped diamond trenches composed of {111} sidewalls via aniso-
tropic etching of diamond (110) surfaces using circular Ni films in high-
temperature (1000 °C) water vapor. The top views and the cross-sec-
tional images in the schematic are equivalent to the experimental re-
sults already shown in the present paper. The equivalent experimental
results are shown in parentheses in Fig. 7. The mechanism is described
as follows: The diamond directly under the circular Ni film is etched to
form a circular diamond trench. From two tangents of the circular
diamond trench in the < 110 > direction, two slanted {111} sidewalls
intersecting the diamond (110) surface at 35° start to extend toward the
inside of the trench (Fig. 7a). The (110) bottom of the trench gradually
disappears as etching progresses and the two slanted {111} sidewalls
are extended (Fig. 7b). Finally, the two slanted {111} sidewalls meet
just below the center line between the two tangents (Fig. 7c). At the
same time, the Ni film expands because of heat and oxidation during
crystal anisotropic etching. Accordingly, the slanted {111} sidewalls
and vertical {111} sidewalls extend beyond the area where they
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Fig. 6. Etching depth as a function of water-vapor annealing time at 1000 °C
with an approximated straight line. The intercepts on the vertical axes (etching
depth at 0 min) indicate that etching as the temperature was raised and low-
ered.

initially contact the Ni film (Fig. 7a). As the etching progresses, the
vertical {111} sidewalls are gradually formed toward the inside of the
trench from the tangents (Fig. 7b). Finally, the hexagonal trench sur-
rounded by six {111} sidewalls is formed (Fig. 7c).
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Fig. 5. (a) 2D LM height image of the surface morphology at the same location represented in Fig. 4(b). The line segments CC’, DD’, and EE’ in panel (a) are drawn
along the < 100 > direction, the < 111 > direction and in a direction between the < 111 > and a < 110 > directions, respectively. Cross-sectional images corre-

sponding to the line segments (b) CC’, (c) DD’, and (d) EE’ in panel (a).
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Fig. 7. A schematic explaining the formation mechanism of the U-shaped diamond trenches composed of the {111} sidewalls via anisotropic etching of diamond

(110) surfaces using circular Ni films in high-temperature (1000 °C) water vapor.

4. Conclusions

U-shaped diamond trenches with vertical {111} sidewalls were
successfully fabricated by applying anisotropic diamond etching using
circle Ni films in high-temperature (1000 °C) water vapor for diamond
(110) surfaces. The diamond trench in its final stage was hexagonal on
the (110) surface and surrounded by six {111} sidewalls (four vertical
and two slanted {111} sidewalls to the (110) surface). This observation
indicates that the {111} planes function as etching stopping planes and
that the etching rate of {111} is much lower than that of (110). The
etching rate for diamond (110) surfaces of this process was also esti-
mated to be 3.8 pm/min from the relationship between etching time
and etching depth of diamond trenches in their intermediate stages,
which had (110) bottoms.

This process enables the fabrication of high-density diamond tren-
ches due to vertical etching and might be useful for cutting diamond
wafers if the etching rate is further increased.
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