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ABSTRACT

In this paper, we report a thermochemical etching method to fabricate well-

distributed micropatterns with large pattern ratios on diamond crystallites

using cobalt (Co) powder. The effect of temperature on the depth and area of the

micropatterns on different crystal planes is quantified. Results show that the

depth and area of the patterns on the same plane increase with the temperature

and that, at the same processing temperature, the pattern depth and area on

{100} planes are larger than those on {111} planes. After heat treatment at 850 �C,
the pattern depths on {100} and {111} planes reach 4.0 and 3.5 lm, and the

corresponding average ratios of the pattern area are 54 and 46 %, respectively.

The morphologies of the micropatterns on (001), (113), (101), and (111) planes

are dependent on the relative orientations between the etched crystal plane and

its adjacent planes, and diamond nanoparticles with specific orientations are

observed on etched {100} planes. Furthermore, graphite is detected in the etch

patterns, suggesting that thermochemical etching process involves the phase

transformation from diamond to graphite.

Introduction

Synthetic diamond possesses outstanding properties,

such as superior hardness, high wear resistance, and

high heat conductivity, thereby making them

preferable for machining hard and brittle materials

[1, 2]. However, given the small size of the diamond

crystallites, binder materials are usually required to

bond them together to form diamond tools with

specific size, shape, and strength. To prevent the

graphitization of diamond, the sintering of diamond

tools must be performed below a critical temperature

[3]. Thus, the adhesion strength between diamond

grains and binder materials is very weak. Addition-

ally, the smooth diamond surface is chemically inert

to binder materials, which in turn reduces the adhe-

sion strength at the interface. Consequently, diamond

grains prematurely fall off from the tool surface

before real machining. To improve the adhesion

strength between diamond and binder materials, a

series of research was conducted about diamond

surface coating [4–7]. Some metal coatings (Ti, Cr,

etc.) can be chemically bonded with diamond,
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whereas others (Cu, Ni, etc.) are only mechanically

coated on the surface. In the latter case, diamond

particles are pulled out by machining force, whereas

the coating layers are retained in the binder. More-

over, the thick ductile metal layer reduces the self-

sharpening ability of diamond cutting edges and

increases the power consumption during machining.

To increase the adhesion strength effectively, this

study proposes to fabricate micropatterns on dia-

mond surface. After patterning, the effective contact

area between diamond and the binder is greatly

expanded. Moreover, the micropatterns can serve as

‘‘anchors’’ to increase the retention capability of bin-

ders to diamond grains.

As a typical method of diamond etching, catalytic

gasification has been used to etch diamond thin films

for chemical sensors [8]. Thin metallic layers are

deposited on diamond by evaporation, and metal

nanoparticles are generated after heat treatment in

flowing hydrogen gas. After etching, the largest size

of the nanopores that forms on the thin diamond film

is 225 nm. To study the action of iron particles at

catalyzed hydrogenation of synthetic diamond, iron

particles were directly loaded on diamond surface

[9, 10]. The evolution of iron particles on different

crystal planes was investigated, but the extent of

etching was not evaluated. Iron nitrate was loaded on

diamond crystallites surface by impregnation, and

the etching behavior at 900 �C in a flowing gas mix-

ture of H2 (10 %) ? N2 (90 %) was investigated [11].

It is found that the etching behavior was highly

dependent not only on the crystal plane of diamond,

but also on the loading amount of iron. Due to the

uneven distribution of iron nitrate, the extent of

etching on diamond varied greatly from particle to

particle. Using the same method, the etching behav-

iors on {100} and {111} planes by cobalt nanoparticles

were analyzed [12]. However, the formation of

nanopatterns was at the sacrifice of the disappear-

ance of the original diamond surface.

The above literatures suggest that although a

modicum of success has been attained in diamond

film surface patterning, methods to form well-dis-

persed micropatterns on all planes of diamond crys-

tallites with the original surface retained were not yet

reported. In previous papers, we attempted to pat-

tern diamond crystallites by iron and nickel powder

without using flowing hydrogen [13, 14]. The etching

phenomena of diamond by iron was verified, but the

original crystal surface was easily etched away.

Although micropatterns were achieved by nickel

etching, the ratios of pattern area to the original

surface were quite low. Until 950 �C, the percentages

on {100} and {111} planes are only 21 and 9 %,

respectively. Compared to nickel, cobalt shows better

wettability toward to diamond [15, 16]. Thus, well-

distributed micropatterns with higher pattern ratios

are expected from small-sized cobalt powder etching.

Under the thermochemical catalytic effect of cobalt,

patterning performance on diamond surface was

investigated. By adjusting the etching temperature,

the quantitative control of the area and depth of the

patterns on different crystal planes was attempted.

Moreover, the evolution of anisotropic patterns and

nanoparticles on etched {100} planes were analyzed.

Experimental

Materials

Synthetic diamond particles (LD 240) with an average

diameter of approximately 500 lm were commercial

obtained from Henan Liliang New Material Co., Ltd.,

Zhengzhou, China. Cobalt powder with size distri-

bution of 4–8 lm was commercial obtained from

Zhuzhou Cemented Carbide Works, Zhuzhou,

China. Concentrated hydrochloric acid (HCl), nitric

acid (HNO3), sulfuric acid (H2SO4), and perchloric

acid (HClO4) were purchased from Changsha Tian-

heng Scientific instrument & Equipment Co., Ltd.,

Changsha, China.

Micropatterning process

The synthetic diamond particles and cobalt powder

were mixed at a ratio of 1: 13 (weight). The mixture

was then wrapped by graphite paper and moved to a

graphite crucible with carbon black at the bottom. To

facilitate close contact between diamond and cobalt,

the mixture was compacted by hand. The graphite

crucible was then filled with carbon black. To avoid

the effect of air, the graphite crucible containing the

sample was buried in an airtight ceramic crucible full

of carbon black. Finally, the ceramic crucible was

moved to a muffle furnace and was heated at a rate of

3 �C/min from room temperature to 600 �C followed

by 2 �C/min to 750 �C. The heating rate was then

changed to 1.5 �C/min up to the objective tempera-

ture and was retained for 1 h. After heat treatment,
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the sample was washed with aqua acid (HNO3:

HCl = 1: 3, volume ratio) to remove the metal.

Characterization

The morphologies of the diamond crystallites were

observed using an environment scanning electron

microscope (ESEM, FEI, Inspect S50) and field-emis-

sion scanning electron microscope (FESEM, FEI, Sir-

ion). The percentages of the pattern area were

measured with a white-light interferometer (Taylor

Hobson Ltd., CCI 1000), and the pattern depths were

detected via laser-probe surface profiling (Mitaka

Kohki Corporation, MP-3). The elements on the dia-

mond surface were analyzed by energy dispersive

X-ray spectroscopy (EDX, Bruker, XFlash Detector

4010). The phase changes of diamond and cobalt

during etching were characterized by X-ray diffrac-

tion (XRD, Bruker, D8 Advance) with Cu Ka radia-

tion and micro-Raman (JASCO Corporation, NRS-

3100YM, 532 nm, laser spot size: 1 lm), respectively.

Results and discussion

Micropatterns on the diamond surface

The untreated synthetic diamond particles were

grown under high pressure and high temperature. As

Fig. 1(a) shows, a well-grown diamond crystallite

typically assumes the form of a hex-octahedron, con-

sisting of six {100} planes and eight {111} planes. Due to

the temperature or pressure fluctuations, or accumu-

lation of impurities on the interface, secondary {011}

and {113} planes are occasionally visible [17]. More-

over, growth defects, such as growing cavities or

twinning, also appear on the diamond surface [18, 19].

The area of {111} planes is always the largest, which

suggests that {111} planes are the most stable and

slowest growing facets among all the planes.

To fabricate micropatterns on the diamond surface,

the mixture of diamond and cobalt was heated at a

temperature range of 600–950 �C. After the metal was

washed away, the morphologies of the diamond par-

ticles were observed, as shown in Fig. 2. Figure 2(a2)

clearly shows that the orthogonal microchannels

aligned in h100i direction are formed on {100} planes.

However, the orientations of the sides change

to h110i direction at the end of the channels [indicated

by the square in Fig. 2(a2)]. For {111} planes of dia-

mond, only a few micropatterns are observed, and

their orientations are irregular.When treated at 700 �C,
micropatterns with flat bottom develop on {111}

planes, and the number increases remarkably. By

contrast, reversed pyramids or channels with -

110i edges are found on {100} planes. After the tem-

perature rises to 800 �C, the size and depth of the

patterns on both {100} and {111} planes increase dra-

matically. As a result, micropatterns can be easily

distinguished even at a lowermagnification, as shown

in Fig. 2(c1). When heated at 900 �C, the patterns on

{100} planes connect together, thereby leading to the

disappearance of the etchpits. By contrast, {111} planes

are characterized by hexagons with flat bottom.

Figure 3 shows the depth of the patterns with an

increase in the temperature. As shown in figure, the

depth of the patterns on both {100} and {111} planes

increases with an increase in the treatment tempera-

ture. This may derive from the influence of temper-

ature on the stability of diamond carbon atoms and

the solubility of carbon in cobalt. With an increase in

Figure 1 Morphology of a a well-grown diamond crystallite and b growth defects in diamond.
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temperature, the stability of diamond carbon

decreases, and the solubility of carbon in cobalt

increases [20]. Thus, carbon atoms can easily escape

from the diamond structure and diffuse into the

vacant sites in cobalt. Given that {111} planes in

diamond are the closest packing planes, larger

Figure 2 Morphology of diamond crystallites heated at a1 600 �C, b1 700 �C, c1 800 �C, and d1 900 �C. a2, b2, c2, and d2 are the

corresponding {100} planes, and a3, b3, c3, and d3 are the corresponding {111} planes.
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activation energy is required to destroy the diamond

structure. Thus, the patterns on {111} planes are

shallower than those on {100} planes at the same

temperature. Treated at 850 �C, the difference in

pattern depth on {111} and {100} planes is the small-

est, which is 3.5 and 4.0 lm, respectively.

The ratios of the pattern areas at different tem-

peratures are recorded in Fig. 4, which exhibits the

same trend as the depth of patterns. The melting

point of cobalt bulk is 1493 �C. Given the size effect,

molten cobalt particles can form on the diamond

surface at 800 �C, as shown in Fig. 1S. With an

increase in temperature, the melting degree of cobalt

increases, resulting in the aggregation of small cobalt

particles. Consequently, the wetting area, reflected by

the pattern area, increases with the temperature. The

difference between {100} and {111} planes may be

caused by the surface energy [21]. The surface energy

of {100} planes is higher than that of {111} planes.

According to Young’s equation [22], a smaller contact

angle is achieved between {100} planes and metals.

Thus, at the same temperature, the pattern area on

{100} planes is larger than that on {111} planes. At

850 �C, the average ratios of the pattern area on {100}

and {111} planes are quite close, which are 54 and

46 %, respectively.

Anisotropy of micropatterns

Under high temperature and high pressure, diamond

can be synthesized from graphite with the help of

ferrous metals. However, these metals also catalyze

the transition from diamond to graphite in the sta-

bility field of graphite at low pressure [23, 24]. As a

result, the morphology of the micropatterns on the

diamond plane reflects the characteristics of this

plane and its interrelationships with adjacent planes.

The micropatterns that developed on different

crystal planes at 750 �C are shown in Fig. 5. On (001)

plane, reversed four-sided pyramids with rough

bottoms are formed. Occasionally, traces of steps are

visible on the sidewalls [as shown in Fig. 2S(a)]. The

patterns on (113) plane are tetrahedrons with the

outline of isosceles trapezoids. The morphology of

(101) plane is characterized by elongated hexagonal

channels. For (111) plane, hexagons with flat bottoms

develop, and layer-like structures are observed on the

sidewalls. In a deep etch pit formed at 850 �C [shown

in Fig. 2S(b)], smooth sidewalls and rough sidewalls

form with an alternating arrangement, which indi-

cates that the crystallographic indices of the sidewalls

are not the same.

According to the periodic bond chain (PBC) theory

[25], {111} planes made up of three PBC vectors are

the only flat planes (F-planes), whose growth rate is

the slowest. Other planes with one or zero PBC vector

are rough surfaces, which are supposed to be invisi-

ble. However, under (2 9 1) surface reconstruction,

{100} planes also can behave like F-faces and always

appear on the diamond surface [26, 27]. As for {011}

and {113} planes, they are transient faces and are only

occasionally visible. In a word, the stability order of

diamond crystal planes can be expressed as

{111}[ {100} » {110} & {113}. Thus, although {113}

planes are the nearest neighbor planes of the (001)

plane, etch pits on (001) plane are bounded by its

secondary adjacent {111} planes. For the same reason,

the rough and smooth sidewalls of the patterns on

(111) plane in Fig. 2S(b) correspond to {100} and {111}

Figure 3 Depth of patterns with increased temperature.

Figure 4 Ratios of the pattern areas at different temperatures.
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planes, respectively. Being different from Takasu’s

results [12], the sidewalls of patterns on (111) plane

are not perpendicular to their bases. To analyze the

morphology of the micropatterns on the transient

(101) and (113) planes, a diamond crystallite with

well-developed {113} and {101} planes is used as the

model [28]. In this model, (101) plane is surrounded

by two {111} planes and four {113} planes. Due to the

stability of its secondary adjacent {100} planes is

higher than {113} planes, thus they develop as the

stooping planes at the ends of patterns on (101) plane.

Similarly, patterns on (113) plane are stopped by its

secondary adjacent {111} planes. Based on the iden-

tified indices of the crystal planes inside the patterns,

the edge orientations of the patterns are calculated.

Interestingly, almost all the sides of the patterns on

{100} and {111} planes are shown to be aligned in

the h 110 i direction, which is similar to the result of

diamond etching in liquid nitrate [29] and by oxygen

above 775 �C [30]. This is because h 110 i direction
contains strong bond and requires larger energy to

break than other directions. Furthermore, traces of

Figure 5 Micropatterns on a (001) plane, b (113) plane, c (101) plane, and d (111) plane formed at 750 �C.
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steps or layer-like structures are observed on the

sidewalls of the patterns [Figs. 2S, 5(d)], which indi-

cates that the etching on F-planes or F-like planes

proceeds by a step mode.

Nanoparticles on the etched {100} planes

Figures 2 and 5 show that the bottom of the patterns

on {100} planes is rough, whereas that on {111} planes

Figure 6 Analysis of

diamond heated at 900 �C and

washed by aqua regia: a and

b FESEM image of

micropatterns on {100}

planes, c EDAX spectra, and

d micro-Raman spectra.
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tends to be smooth. To observe the rough etch bot-

tom on {100} planes more clearly, the microstructure

of the micropatterns formed at 900 �C was examined

under high magnification. Figure 6a, b shows that

the bottom of the patterns on {100} planes is covered

with nanoparticles. Some particles [indicated by the

ellipse in Fig. 6(b)] are irregular and continuous,

similar to the morphology of nanocrystalline dia-

mond film [31]. By contrast, some particles [indi-

cated by the circle in Fig. 6(b)] are regular squares

with edges oriented in the h 100 i direction. To

analyze the element and the phase of the nanopar-

ticles, the patterns on {100} planes are characterized

by EDX and micro-Raman. The EDX results show

that the Co element is absent. Sharp diamond peaks

at 1330 cm-1 [32] and sp3 CH2 peaks at 1417 cm-1

[33] are identified in the micro-Raman spectra.

Moreover, sp2 carbon peaks at 1580 cm-1 [34] and

nanodiamond peaks at 1155 cm-1 [31, 35] are also

detected. These results indicate that the nanoparti-

cles inside the patterns on {100} planes are mainly

composed of graphite or nanodiamond.

To exclude the possibility of graphite, the diamond

particles were washed with aqua regia, followed by

mixed acid (H2SO4: HClO4: HNO3 = 5: 3: 1). Fig-

ure 7a, b shows that the morphologies of the

nanoparticles before and after washing in mixed acid

do not differ. While in the micro-Raman spectra, the

graphite peak disappears, indicating that graphite is

decomposed by the mixed acid. Weak peaks around

1146 cm-1 still exist, showing the high possibility that

the particles at the bottom of the patterns on {100}

planes are nanodiamond.

Etching mechanism

To investigate the phase changes during the etching

process, the XRD patterns of diamond and cobalt

powder before and after heating at 900 �C are com-

pared in Fig. 8. In the structure of the as-received

diamond particles, the inclusion (CFe2.5) is trapped

inside. By contrast, cobalt powder is a pure metal that

consists of two types of crystal structure: cubic and

hexagonal system. After the mixture was heated,

Figure 7 Analysis of

diamond heated at 900 �C and

washed with aqua regia and

mixed acid (H2SO4: HClO4:

HNO3 = 5: 3: 1): a FESEM

image of the micropatterns on

{100} planes, b enlarged part

of square in (a), and c micro-

Raman spectra.
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diamond and cobalt were separated and then tested

by X-ray diffraction. In the spectra of the diamond

particles, neither graphite nor cobalt is detected.

Although weak CoO peaks are identified in the

spectra of metal powder, most of the cobalt powder

remains as pure metal.

The oxidization of cobalt results in the formation of

CoO but not Co3O4, demonstrating that the amount

of oxygen is insufficient. Such oxidization reaction

may occur in the etching process or preservation

process after the experiment. If the former is the case,

then the oxygen should come from the sample

preparation process. To clarify whether or not the

residual oxygen has an effect on diamond etching,

the diamond was buried in the carbon black and then

heated at 900 �C. From the morphology shown in

Fig. 9(a), little changes are observed on the diamond

surface. It means that the oxygen in the reaction zone

is too little to cause the oxidization of diamond. To

investigate the possibility of oxidation–reduction

reaction between diamond and cobalt, the Gibbs en-

ergy of various reactions versus temperature is cal-

culated. As suggested in Fig. 3S, the initial oxidation–

reduction reaction temperature should be dependent

on the amount of oxygen. When the oxygen is defi-

cient, the reaction occurs above 213 �C (486 K). To

Figure 8 XRD patterns of a pristine diamond, b Co-patterned

diamond before acid wash, c pristine cobalt powder, and d cobalt

powder separated from the diamond-cobalt bulk after experiment.

Figure 9 Morphology of diamond: a diamond buried in carbon black heated at 900 �C, b diamond and nickel exposed in air and heated at

900 �C, c and d {100} and {111} planes corresponding to (b).
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verify this experimentally, the mixture of diamond

and cobalt was exposed to air and then heated at

900 �C. Diamond and cobalt were tested by XRD

separately, as shown in Fig. 4S. After heat treatment

in air, only Co3O4 and CoO are detected in the cobalt

powder. However, no new material is found on the

diamond. The morphology of diamond in

Fig. 9(c) shows that {100} planes lose their original

appearance and change into reversed pyramids with

interlaced steps. By contrast, ‘‘positive’’ trigons are

observed on {111} plane, which is similar to the dia-

mond surface etched in O2/H2O [36] and potassium

nitrate [37]. Because the morphologies of diamond in

Fig. 2 processed in carbon black do not show the

traces of etching characteristics in air, the synergistic

effect of oxygen and cobalt on the formation of pat-

terns can be ignored.

To analyze the phase of carbon, the etched dia-

mond surface before acid washing was examined

using micro-Raman, as shown in Fig. 10. On {100}

and {111} planes, unetched areas, similar to the

original surface, are characterized by sharp diamond

peaks (1331 cm-1). Inside the patterns, graphite car-

bon peaks (1580 cm-1) are detected. It means that the

phase transformation from diamond to graphite is

involved in the diamond patterning process.

In the cobalt structure (Fig. 5S), the edge length of

the equilateral triangle formed by the three adjacent

atoms on (111) plane is 2.51 Å, and that of three

atoms in the diamond structure is 2.52 Å. Given that

their edge lengths are very close, Co atoms on (111)

plane can be vertically aligned with diamond atoms.

As shown in Fig. 6S, three Co atoms are vertically

aligned with diamond atoms 1, 3, and 5. With three

unpaired d electrons, Co atoms attract the electrons

of diamond atoms 1, 3, and 5 and simultaneously

compress atoms 2, 4, and 6. The diamond structure is

then converted into a hexagonal graphite structure.

Conclusions

A thermochemical etching method to fabricate

micropatterns on diamond crystallites using cobalt is

proposed. Temperature has a strong effect on the

etching behavior. The higher the temperature is, the

larger the pattern depth and area. At the same tem-

perature, the pattern depth and area on {100} planes

are larger than those on {111} planes. At 850 �C, the
extent of etching on {100} and {111} planes reaches

their closest point. The average ratios of the pattern

areas are 54 and 46 %, and the corresponding pattern

depths are 4.0 and 3.5 lm, respectively. Reversed

pyramids, tetrahedrons, elongated six-sided chan-

nels, and hexagons are formed on (001), (113), (101),

and (111) planes, respectively. The analysis of mor-

phology shows that micropatterns are bounded by

the etched crystal plane and its adjacent planes.

Diamond nanocells aligned in h 100 i direction are

found on {100} planes. Moreover, graphite is detected

in the etch patterns, indicating that the phase trans-

formation from diamond to graphite occurred during

the etching process. The proposed micropatterning

method for polyhedral diamond crystallites is sim-

ple, reliable and does not require the use of especial

gas.

Figure 10 Raman spectrum of the Co-patterned diamond surface before acid wash: a {100} planes and b {111} planes.
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