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ABSTRACT

Nickel powder (Ni) was used as catalyst to form micropatterns on diamond crystallites surface without flowing
hydrogen gas. Anisotropic etch patterns on {100} and {111} planes of diamond and the interface of diamond and
nickel were analyzed, and the pattern area and etch depth formed at different temperatures were measured
quantitatively. Results show that the etch patterns on {100} planes were formed as reversed pyramids, while
those on {111} planes were hexagons. Compared to {111} planes, {100} planes had better affinity for nickel.
And the formation of cubic nanoparticles on the bottom of the patterns might have been caused by the melting
and crystallization of eutectic. An increase in temperature promoted the surface patterning process. At the same
temperature, {100} planes were etched more significantly than {111} planes in terms of larger pattern area and
deeper etch depth. At 950 °C, the average percentages of pattern areaon {100} and {111} planes were 21% and 9%,
and the corresponding etch depths were 5.0 pm and 3.0 um, respectively. Moreover, it was demonstrated that

Graphitization

graphitization was the dominant mechanism of the diamond surface patterning process.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Owing to the advantages in hardness, wear resistance, potential
range and chemical stability, diamond has been widely used in precision
manufacturing industries [1,2] and biological detection field [3,4]. To in-
crease the surface area or introduce nanopores in two-dimensional dia-
mond film used for electrodes or sensors, much attention has been
drawn on diamond surface etching by metals in flowing hydrogen gas.
Nickel nanoparticles were prepared on the surface of boron-doped dia-
mond (BDD) by vacuum deposition followed by heat treatment in
flowing gas of Hy/N, [5]. When Ni/BDD was heated at 700 °C for 2 h,
Ni nanoparticles were finely dispersed on BDD surface, but no excava-
tion behavior was observed. However, after the temperature climbed
to 900 °C, the surface layer of BDD was excavated vigorously and the ex-
cavation degree increased with the heating time. Cyclic voltammogram
of BDD shows that the surface area reflected by specific capacitance was
enhanced by nearly 15 times through the excavation at 900 °C for 24 h.
To achieve pores with controlled shape, diamond oriented in different
orientations was selected to be etched by molten Ni particles [6]. After
heat treatment, reversed pyramids, channels and triangles were formed
on {111}, {110} and {100} planes, respectively. And {111} planes, the
most resistant to be etched, were shown to be the stopping planes in
etch pits. During such a process, the catalytic gasification of carbon
with the help of hydrogen was the mechanism of diamond etching [7].

To create etch pits on surface of polyhedral diamond crystallites
used as optical material, cobalt were loaded on diamond surface by
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impregnation in the nitrate solution [8]. After being heated in H,/N,,
etch pits similar to those on diamond film were achieved. Using the
same method, diamond was etched by iron and iron carbide was prob-
ably formed in the process [9]. Although a modicum of success has been
attained in diamond etching, the process requires hydrogen as a flowing
gas. Most importantly, there is little quantitative analysis about the ef-
fect of temperature on the etching extent of diamond. Allowing for the
processing cost and safety, we developed a new diamond etching meth-
od without flowing hydrogen gas [10]. The feasibility of etching behav-
ior of iron on diamond has been verified, but etch pits were not available
on the {111} planes. In this paper, nickel powder was used as the cata-
lyst to etch diamond crystallites. Surprisingly, anisotropic etch patterns
were found on {100} and {111} planes. After metal was removed by
acid, the pattern area and etch depth on diamond surface were quanti-
fied by white light interferometer and laser-probe surface profiling,
respectively.

2. Experimental

Synthetic diamond crystallites (LD240) with an average diameter of
~500 pm were bought from Henan Liliang New Material Co., Ltd. And
nickel powder with size distribution of 12-52 pm was bought from
Zhuzhou Cemented Carbide Group Co., Ltd. To start the experiment, di-
amond and nickel were mixed in a mass proportion of 1:13. Then the
mixtures were wrapped by graphite paper and buried in a graphite cru-
cible full of carbon black. In order to build a closed chamber free from
air, the graphite crucible was put into an airtight ceramic crucible with
carbon black around. Finally, ceramic crucible was heated in the muffle
furnace at arate of 3 °C/min to 600 °C followed by 2 °C/min to750 °C and
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1.5 °C/min to the objective temperature and then was retained for one
hour. After the heat treatment, diamond was washed by the mixed
acid of HCI/HNOs3 to remove the metal.

The surface morphology and element distribution of processed dia-
mond were examined by environment scanning electron microscopy
(ESEM, FEI, Inspect S50) and energy dispersive X-ray spectroscopy
(EDX, Bruker, XFlash Detector 4010). The structural changes of diamond
and nickel were analyzed by micro-Raman spectroscopy (JASCO Corpo-
ration, NRS-3100YM, laser wavelength: 532 nm, spectral magnification:
x 100, NA: 0.95, laser spot size: 1 pm) and X-ray diffraction (XRD,
Bruker, D8 Advance) with Cu K radiation. The area and depth of pat-
terns on diamond were quantified using white light interferometer

(Taylor Hobson Ltd., CCI 1000) and laser-probe surface profiling (Mitaka
Kohki Corporation, MP-3), respectively.

3. Results and discussion
3.1. Morphology observation

Fig. 1 shows the ESEM images of Ni-patterned diamond crystallites
at different temperatures. When the heat-treatment temperature was
700 °C, micron-sized mutually orthogonal channels aligned in (100) di-
rection were observed on {100} planes. However, at the ends of chan-
nels (indicated by a circle in Fig. 1(a2)), the orientations of sides

Fig. 1. Morphology of Ni-patterned diamond crystallites heated at (a1) 700 °C, (b1) 800 °Cand (c1) 900 °C. ((a2), (b2) and (c2) are the corresponding {100} planes; (a3), (b3) and (c3) are
the corresponding {111} planes; (c4) and (c5) are the enlarged square parts in (c2) and (c3), respectively.).
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Fig. 2. ESEM images of (a) fracture surface of diamond/nickel bulk; (b1) {100} planes; (b2) enlarged square part in (b1); (c1) {111} planes; and (c2) enlarged circle part in (c1).

rotated 45° and became to be along (110) direction. While on {111}
planes, triangles with edges oriented in (2—1—1) direction were
formed. It seems that the formation of etch patterns originated from
the orientations with lower atom density. When the temperature
went up to 800 °C, obvious etch patterns were developed on diamond
surface. Compared to {111} planes, the pattern area and etch depth on
{100} planes were much larger. The same situation continued after dia-
mond was etched at 900 °C. On {100} planes, etch pits or channels with
flat bases and smooth {111}-oriented sidewalls were observed (shown
in Fig. 1(c4)). Whereas on {111} planes, etch patterns were the combi-
nation of hexagons (shown in Fig. 1(c5)). It was also noteworthy that
the edges of etch patterns on both {100} and {111} planes were along
(110) direction which were parallel to the edges of the etched plane.
Furthermore, layer-like structure was seen in etch patterns indicating
that diamond was etched away via a step mechanism.

To shed light on the interface between diamond and nickel, the frac-
ture surface of diamond/nickel bulk heated at 900 °C are shown in Fig,. 2.
Itis seen that at a temperature lower than the melting point (1455 °C) of
nickel bulk, micron-sized Ni particles were melted, which might be at-
tributed to the particle size effect. In this case, the melting point of
metal particles generally declines with the decrease in particle size
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Fig. 3. XRD patterns of (a) pristine diamond; (b) Ni-patterned diamond before acid wash;
(c) pristine nickel powder and (d) nickel powder separated from diamond/nickel bulk
after experiment.
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Fig. 4. Element distribution on the Ni-patterned {100} planes at 900 °C.

[11]. On {100} planes, apart from etch patterns corresponding to the
zone where metal was removed, interface formed due to the adhesion
of nickel to diamond surface was also observed in Fig. 2(b2). It is very
interesting to note that the resultant structure was characterized by
cells with walls oriented in (100)direction. After the nickel was washed
away by acid, the cubic nanoparticles were left on the bottom of etch
patterns (Fig. 1(c4)). From the brightness contrast with diamond and

the orientation difference from {100} planes, those nanoparticles
might have been caused by the melting and crystallization of melt
[12]. If so, the existence of metastable eutectic will also contribute to
the formation of the molten phase [13]. Apparently being different
from {100} planes, adhered nickel was seldom observed in etch patterns
on {111} planes (shown in Fig. 2(c2)). This phenomenon, from another
side, gave the evidence that {100} planes has better affinity for nickel
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Fig. 5. Micro-Raman spectra of unetched area and etch pits on Ni-patterned {100} planes before acid wash. (The inset in the right corner is the optical micrograph of {100} surface for

indicating the position of etch pits.)
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Fig. 6. Morphology of diamond: (a) diamond with carbon black covered was heated at 900 °C;

planes and {111} planes corresponding to (b).)

than {111} planes [14]. Furthermore, because of the incomplete etching,
irregular lamellar structure was retained on the bases of etch patterns.
Nevertheless, if the etching proceeded ideally layer by layer, the bottom
of etch patterns on {111} planes should be perfectly smooth and flat.
This feature, on the contrary, is unavailable for {100} planes, which is
determined by the property of the crystal planes [15].

3.2. X-ray diffraction (XRD) and element mapping analysis

Fig. 3 compares the XRD patterns of diamond and nickel powder be-
fore and after surface patterning experiment. It is shown that the as-
received diamond crystallites had inclusion of iron carbide (Fe;.5C).
Whereas, the pristine nickel powder used in the experiment did not
have any impurity of nickel oxide. After the surface patterning experi-
ment at 900 °C, pure Ni was detected on diamond surface but no graph-
ite or nickel carbide. Similarly, nickel powder separated from diamond/
nickel bulk was also mainly pure Ni. But at the same time, the strongest
diffraction peak of NiO corresponding to (200) facet was identified. Con-
sidering that the NiO peak is very weak, the amount of oxygen should be
quite little. To demonstrate its existence further, element mapping was
done on Ni-loaded {100} planes (shown in Fig. 4).

In Fig. 4, the oxygen element (O) was found to concentrate in the Ni
located area. Being affected by the measurement noise, the unetched
area of {100} planes was also covered by O element. In this sense, only
quite little amount of nickel powder in etch patterns was oxidized,
which is consistent with the XRD result (the effect of oxygen on the
etching process will be discussed in the following part). Moreover, slight
C element was detected in etch patterns especially in the Ni-rich zone,
which might derive from graphite carbon dissolved in nickel.

3.3. Raman spectrum of diamond surface

To confirm the phase of carbon in etch patterns in Fig. 4, unpatterned
area and etch patterns on {100} planes were examined using micro-

and (b) diamond and nickel exposed in air was heated at 900 °C. ((b1) and (b2) are {100}

Raman (as shown in Fig. 5). As expected, unetched area was only char-
acterized by a sharp diamond peak at about 1331 cm™ ! [16]. In contrast,
graphite carbon peak at around 1580 cm™ ! [17] was identified in most
of tested etch patterns with or without nickel covered. That is to say,
phase transformation from diamond to graphite was involved in the di-
amond patterning process.

In Nickel structure (Fig. 1S), the edge length of the equilateral trian-
gle formed by the three adjacent atoms on (111) plane is 2.49 A. While
that of three atoms in diamond structure is 2.52 A. Because their edge
lengths are very close, Ni atoms on (111) plane can be vertically aligned
with diamond atoms. As shown in Fig. 2S [18], three Ni atoms are verti-
cally aligned with diamond atom 1, 3, 5. With two unpaired d electrons,
Ni atoms will attract electrons of diamond atom 1, 3, 5 and simulta-
neously compress atom 2, 4, 6. Then, diamond structure is converted
to hexagonal graphite structure with the inner triangle length is 2.46 A.

3.4. The effect of oxygen on the surface patterning process

From the results of XRD and element mapping, a little of nickel oxide
was identified. It might be formed during the surface patterning process
or during the sample preservation process after experiment. If the
oxidization of nickel existed in the experiment process, the slight oxy-
gen should come from the sample preparation process. To make clear
whether such tiny amount of oxygen will contribute to the patterning
process or not, diamond crystallites buried in the carbon black were
heated at 900 °C. As a resul, little changes were seen on diamond sur-
face (Fig. 6(a)). It proves that the oxygen here cannot cause the
oxidization of diamond itself.

On the other hand, the mixture of diamond and nickel was exposed
in the air and then heated at 900 °C. After the interaction among air,
nickel and diamond, {100} planes of diamond lost their original surface
and became very rough. A big etch pit (indicated by square in Fig. 6(b1))
was shown to be reversed pyramid with interlaced steps, which was
also reported in oxidative etching of {100} diamond surface. As for
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Fig. 7. Schematic model for diamond etching using nickel powder.

{111} planes, similar to diamond etching in 0,/H,0 [19] and potassium
nitrate [20], “positive” trigons sided by three {111} walls were formed.
Now that the above characteristics are quite different from those in
Fig. 1, the synergistic effect of oxygen and nickel on diamond in surface
patterning experiment can be excluded.

Based on the aforementioned discussion, it is demonstrated that
using carbon black to create a reducing atmosphere for diamond and
nickel is an effective method. Even if quite light amount of oxygen
existed in the reaction system, its influence on diamond surface pattern-
ing process can be ignored.

To explain the diamond etching process, a schematic model is pro-
posed in Fig. 7. At high temperature, diamond surface will be wetted
by molten nickel. Under the catalytic effect of nickel, diamond tends to
undergo a phase transformation from diamond to graphite. Subse-
quently, the formed graphitic carbon at the diamond/nickel interface
will diffuse into the nickel. Driven by concentration gradient, carbon
dissolved in nickel will move to the side away from the interface.
Then, the newly exposed nickel in the interface will act on diamond fur-
ther to keep the etching active. Finally, patterns with certain depth will
be formed.

3.5. The pattern area and etch depth on diamond

To evaluate the etch extent of diamond at different temperature, the
percentage of pattern area and etch depth on diamond were quantita-
tively measured. In Fig. 8, it is shown that the pattern area and etch
depth on diamond surface increased with elevated temperature. Here,
the pattern area reflects the wet degree of diamond by molten nickel.
The wetting experiments between iron group metals and graphite stat-
ed that they wetted the substrate when their pure forms were used,
while they did not wet graphite when metals were pre-saturated with
carbon. Likewise, the interaction between iron group metals and dia-
mond was believed to be based on the large solubility of carbon in
metals [21]. From the phase diagram of nickel, it is known that the

40
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amount of dissolved carbon increases as temperature raises [22]. Conse-
quently, at high temperature diamond surface can be well wetted by
nickel leading to the development of large pattern area. While the
etch depth can be regarded as an indicator of etch ability of nickel to di-
amond. Diamond etching process involves the transformation of dia-
mond into graphite and carbon diffusion in molten nickel. The rise of
temperature reduced the energy barrier for graphitization and also im-
proved the solubility of carbon in nickel. Hence, at high temperature di-
amond etching process will be greatly promoted resulting in deeper
etch depth. However, since the surface energy of {100} planes is high
[23] and its activation energy for graphitization is low, the etch area
and depth on {100} planes were larger than those on {111} planes at
the same temperature. Finally, at the highest temperature of 950 °C,
the average percentages of pattern area and etch depths are 9% and
3.0 pm for {111} planes and 21% and 5.0 um for {100} planes,
respectively.

4. Conclusions

In this work, etch patterns on all the facets of diamond crystallites
were achieved by nickel catalytic etching without using flowing gas.
Etch patterns formed on {100} planes are a combination of reversed
pyramids; while those on {111} planes are hexagons. At the interface
of diamond {100} plane and nickel, cubic nanoparticles oriented in
(100)direction were observed, which may be the result of melting and
solidification of eutectic. As temperature rose, the pattern area and
etch depth on diamond surfaces trended to increase, and at the same
temperature, the pattern area and etch depth on {100} planes were larg-
er than those on {111} planes. At the highest temperature (950 °C), the
average percentages of pattern area on {111} and {100} planes are 9%
and 21%, and the corresponding etch depths are 3.0 um and 5.0 pum, re-
spectively. Graphitization was demonstrated to be the dominant mech-
anism for diamond surface patterning process.
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Fig. 8. The pattern area and etch depth on diamond surface.
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Prime novelty statement

Diamond crystallites with all planes patterned were achieved with-
out flowing gas. Effects of temperature and orientation on pattern area
and etch depth were quantified.
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