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Single-crystal diamond is an important material for cutting tools, micro electro mechanical systems,
optical devices, and semiconductor substrates. However, the techniques for producing microstructures
on diamond surface with high efficiency and accuracy have not been established. This paper proposes a
thermochemical imprinting method for transferring microstructures from a nickel (Ni) mold onto single-
crystal diamond surface. The Ni mold was micro-structured by a nanoindenter and then pressed against
the diamond surface under high temperature and pressure in argon atmosphere. Results show that

gegg‘/;/:_rgs;stal diamond microstructures on the Ni mold were successfully transferred onto the diamond surface, and their depth
Microstructure increased with both pressure and temperature. Laser micro-Raman spectroscopy, transmission electron
Nickel mold microscopy (TEM) and electron energy loss spectroscopy (EELS) analyses indicate that a graphite layer
Imprinting was formed over the contact area between diamond and Ni during pressing, and after washing by a

Thermochemical reaction mixed acid, the graphite layer could be completely removed. This study demonstrated the feasibility of

Carbon diffusion

a cost-efficient fabrication method for large-area microstructures on single-crystal diamond.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Single-crystal diamond has the highest hardness, excellent ther-
mal conductivity, optical property, electric insulation and chemical
stability. It is now used as an ultraprecision cutting tool mate-
rial, and is expected to be applied to semiconductor substrates,
micro electro mechanical systems (MEMS), and optical devices in
the future. For these applications, cost-efficient precision micro-
machining of single-crystal diamond is demanded. Currently, laser
machining, focused ion beam (FIB) machining, and reactive ion
etching (RIE) methods are used for fabricating microstructures on
diamond [1-4]. However, these methods lead to very high pro-
cessing cost and low productivity, which limits the applications
of diamond.

Although diamond is extremely hard, and difficult to be mechan-
ically processed, it might be thermochemically machined in an
easier manner. It has been reported that the tool wear is very severe
when cutting transition metals, such as Ni, Co, Ti, Fe, and so on, using
a diamond tool [5-9]. A thermochemical reaction occurs between
diamond and transition metals, where carbon atoms in diamond
are diffused into the transition metals. In recent years, surface pro-
cessing of diamond utilizing the aforementioned thermochemical
reaction has gathered extensive attention [10-16]. For example, a
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patterned Ni layer was used to react with diamond to provide sur-
face patterning in a large area [ 17] without necessity of using strict
vacuum environment. However, it is time-consuming to perform
Ni coating/patterning on diamond, and to remove the Ni coating
after the thermochemical reaction.

In this study, we propose a novel thermochemical imprinting
process for single-crystal diamond. A micro-structured Ni mold sur-
face is pressed onto diamond surface under high temperature and
pressure to transfer the microstructures from the Ni mold to the
diamond workpiece through interfacial thermochemical reaction.
The shape, depth, and distribution of the microstructures on the
Ni mold are flexibly and precisely controlled by a nanoindentation
system, and the thermochemical reaction between the mold and
the diamond workpiece is controlled by pressure and temperature
for various processing depth.

This paper presents experimental results of microstructure for-
mation behavior on single-crystal diamond in the thermochemical
imprinting process. The influence of pressure and temperature
on the imprinting depth will be examined. The feasibility of
cost-efficient fabrication of high-precision microstructures on
single-crystal diamond by the proposed method will be demon-
strated.

2. Process mechanism

Fig. 1 illustrates schematically the process mechanism for ther-
mochemical imprinting. First, micro dimples are formed on a Ni
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Fig. 1. Schematic diagram of micro imprinting process based on thermomechanical reaction.

mold surface by a diamond indenter (a). After the Ni mold gets
into contact with a diamond substrate, they are pressed together
and heated (b). At high temperature, the diamond surface will be
easily wetted by nickel. Under the catalytic effect of nickel, dia-
mond tends to undergo a phase transformation from diamond to
graphite [18,19], and a thin layer of graphite is formed at the Ni-
diamond interface (c). Subsequently, the graphitic carbon at the
Ni-diamond interface will diffuse into the nickel mold (d). The rise
of temperature reduces the energy barrier for graphitization and
also improves the solubility of carbon in nickel. As a result of con-
tinuous graphitization and diffusion, the diamond surface is locally
machined deeper and deeper. After this, the sample is cooled down
and the Ni mold is removed from the diamond substrate by immers-
ing the sample in hydrochloric acid HCl (e). Finally, the graphite
layer is removed by a mixed acid, and microstructures are obtained
on the diamond surface (f).

3. Experimental procedures
3.1. Materials

Single-crystal diamond square pieces with a dimension of
3.0mm x 3.0mm x 1.5 mm were used as specimen. The top planes
of the diamond samples were (100). The diamond surfaces were
then polished to a mirror finish by a cast iron scaif. The Ni mold
material, provided by Nilaco Co., Japan, contains 99.6% Ni, 0.20% Mn,
0.07% Fe, 0.05% Si and 0.008% C by mass. The Ni molds were formed
from a Ni rod to a dimension of $6 mm x 2 mm by a wire electric
discharge machine, Mitsubishi MV2400S (Mitsubishi Electric Co.,
Japan). The surface of the cut Ni pieces were polished to mirror sur-
face by a polishing machine, EJW-400IFN-D (Engis Japan Co., Japan).
Concentrated hydrochloric acid (HCl), nitric acid (HNOs3) and sul-

furic acid (H,SO4) provided by Junsei Chemical Co., Ltd, Japan were
used as solvents for washing the processed samples.

3.2. Micro-structuring of molds

A nanoindentation system, ENT-1100a (Elionix Inc., Japan),
which was originally designed for evaluating material mechanical
properties, was used to fabricate microstructures on the Ni molds.
The indentation force and loading rate can be precisely controlled,
enabling generation of micro dimples with various depths. Unlike a
cutting process, the temperature increase of the diamond indenter
is extremely small during nanoindentation, thus the thermochem-
ical reaction between diamond and the Ni mold can be suppressed.
Additionally, the shape of microstructure is decided by the shape
of the diamond indenter. A photograph of an indented Ni mold is
shown in Fig. 2(a), where the microstructures were formed in the
mold center within an area of 1 mm x 1 mm. Fig. 2(b) and (c) show
a conical dimple array and a pyramidal dimple array formed on
the Ni mold. It should be noted that pileups might be generated
around the dimples during indentation, especially when indenting
deep dimples. However, in the subsequent press molding stage, the
pileups can be pressed and flattened by the diamond surface, thus
have little effect on the imprinting process.

3.3. Molding conditions

Fig. 3 illustrates the high-precision molding machine GMP211
(Toshiba Machine Co. Ltd., Japan) used in this study. The machine
can control precisely the molding temperature and force in dif-
ferent atmospheric gases. Heating is realized by infrared lamps
and temperature was monitored by a thermocouple with +1°C
accuracy. The pressing force ranges from 0.2 kN to 20 kN with a res-
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Fig. 2. (a) Photograph of a Ni mold; SEM images of microstructures formed on the
Ni mold: (b) conical dimple array, (c) pyramidal dimple array.
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Fig. 3. Schematic diagram of the high-precision press molding machine.
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Fig. 5. Cross-sectional TEM image of a flat diamond sample after pressing.

olution of 0.98 N. The molding chamber is covered by a transparent
quartz tube, in which an atmospheric gas (Ar or N;) is purged. To
prevent from uneven contact and force concentration between the
diamond sample and the Ni mold, ceramic elastic sheets were used
to cover the diamond sample and the Ni mold from two sides.

The thermal cycle and pressure change used in this study is
shown in Fig. 4. Since carbon diffusion from diamond to transi-
tion metals is temperature dependent [6,18-20] and only occurs
when temperature is above ~600°C, in the present experiments,
the heating temperature of the molds was set to 600°C, 650°C,
700°C, 750°C and 800°C, respectively. The thermochemical reac-
tionis also influenced by atmosphere gas [ 1]. The reaction efficiency
is higherin a noble gas compared to in other gases [21]. In this study,
argon (Ar) gas was used to purge the molding chamber.

The major steps of molding press are described as follows. (1)
The diamond sample and the Ni mold are placed between two
ceramic elastic sheets, and then compression starts until a preset
molding pressure (~60MPa) is reached. (2) Ar gas is purged into
the quartz chamber for 20's in order to increase the thermochemi-
cal reaction efficiency and prevent the oxidation of Ni mold. (3) The
diamond sample and the Ni mold are rapidly heated by the infrared
lamps from room temperature to the preset molding temperature
(~800°C) at a heating rate of 99 °C/min. (4) The temperature retains
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Fig. 6. EELS spectra of different regions of the sample cross section: diamond sub-
strate and affected layer.

for 15 min. (5) The compression stops, and cooling starts at a rate
of 99 °C/min by purging Ar gas into the chamber. (6) The Ni mold is
removed from the diamond sample by HCl at 150°C.

3.4. Surface/subsurface characterization

The microstructures formed on the diamond surface were
observed using an environment scanning electron microscope (E-
SEM) (Inspect S50, FEI Co., USA) and a field emission scanning
electron microscope (FE-SEM) (Sirion, FEI Co., USA). Before SEM
observation, the diamond specimen was coated with osmium
in order to increase electrical conductivity. The elements of the
sample surface were detected by an energy dispersive X-ray spec-
troscope (EDS) (XFlash Detector 4010, Bruker Co., Germany). The
crystalline structure of the diamond surface was characterized by a
laser micro-Raman spectroscope (NRS-3100, JASCO Co., Japan). The
cross section of the thermochemical reacted surface was observed
using a transmission electron microscope (TEM) (Tecnai G2, FEI
Co., USA) with electron energy loss spectroscopy (EELS) function.
The TEM sample was prepared by thinning the sample using a
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Fig. 7. EDS intensity profile of carbon in the Ni mold.

focused ion beam (FIB) equipment (Quanta3D FEG, FEI Co., USA).
The microstructure height and the surface roughness were mea-
sured using a white-light interferometer (CCI3D, Taylor Hobson Co.,
Ltd, UK).

4. Results and discussion
4.1. Analysis of imprinted surface

Fig. 5 shows a cross-sectional TEM image of a flat diamond sam-
ple pressed at 30 MPa. From this result, it is clear that an affected
layer (~500 nm deep) was formed after the thermochemical reac-
tion (The boundary between the affected layer and the diamond
substrate is indicated by three red arrows in the figure). For further
analyzing the structure of the affected layer, EELS measurement
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Fig. 8. Raman spectra of different diamond surfaces: (a) initial state, (b) non-reacted area, (c) reacted area, (d) after oxidative decomposition.
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Fig. 9. SEM images and three-dimensional profiles of microstructures fabricated on diamond: (a)-(c) formed by a mold with conical dimples; (d)(f) formed by a mold with

pyramidal dimples.

was done and the results are presented in Fig. 6. The EELS spec-
trum detected on the diamond substrate shows peaks at loss energy
higher than 290 eV, indicating anti-bonding o* orbital of C—C bond-
ing. This result means the substrate is composed of single-crystal
diamond [22]. On the other hand, the EELS spectrum of the affect
layer shows a peak from 280eV to 290 eV indicating anti-bonding
" orbital of C=C bonding, which means that the affected layer
was transformed to graphite structure. The results in Figs. 5 and 6
indicate that a 500 nm thick graphite layer was generated on the
diamond substrate during the thermochemical reaction with the
Ni mold.

SEM/EDS analysis was conducted near the interface of the Ni
mold and the diamond workpiece, and the result is shown in Fig. 7.
Carbon was detected in the surface layer (~700 nm deep) of the
Ni mold, and the carbon intensity detected near the interface with
the diamond workpiece is distinctly higher than that of the inner
region. This result strongly demonstrates that carbon atoms have
been diffused into the Ni mold from the diamond surface during
press molding. It is presumable that the carbon diffusion phe-
nomenon is closely related to (or might be a reason for) the graphite
layer formation on the diamond workpiece.
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Fig. 10. SEM images of (a) rugged texture and (b) tessellated texture on diamond surface after pressing. (c) and (d) are Ni surfaces after heat treatment without pressing,

showing similar surface textures to those in (a) and (b).

4.2. Removal of graphite layer

The graphite layer affects the properties of diamond, and should
be removed after the imprinting process. For removing the graphite
layer, oxidative decomposition treatment was conducted using a
mixed acid (H2SO4:HClO4: conc. HNO3=5:3:1, in volume ratio)
at 200°C for 120min [23,24]. To confirm the surface structure
before/after the removal of the graphite layer, laser micro-Raman
measurement was done, as shown in Fig. 8. For comparison, both
the reacted area and the non-reacted area were measured. The
Raman spectrum (a) detected on the initial diamond surface before
the experiment shows a sharp peak at 1332cm~!. Similarly, the
spectrum (b) measured on the non-reacted area also presents a
peak at 1332cm~!, indicating the non-reacted diamond surface
was not affected in the experiment. In the thermochemical reacted
area, the spectra (c) shows peaks at 1348 cm~! and 1574 cm!, indi-
cating graphitization of diamond [25], which is in agreement with
the TEM/EELS results in Fig. 6. In contrast, the Raman spectrum
(d) obtained from the surface after oxidative decomposition treat-
ment shows only asharp peakat 1332 cm~!, demonstrating that the
graphite layer was successfully removed by the oxidative decompo-
sition treatment. In Fig. 8, no peak was detected at around 400 cm™~!
and 2400 cm~!, indicating that the graphite layer has been formed
without metal (Ni) bonding.

4.3. Microstructure formation

Fig. 9 shows SEM photographs and three-dimensional profiles of
diamond surfaces after removal of the graphite layers. The mold-
ing temperature was 800°C, and pressure was 30 MPa for these
samples. In the figure, (a)-(c) are microstructures formed by a
mold indented with conical dimples, while (d)-(f) are formed by
another mold structured with pyramidal dimples. The microstruc-
tures indented on the Ni molds have been successfully transferred
to the diamond surfaces, and the top surfaces of these microstruc-
tures are smooth.

At a molding temperature of 800 °C, the bottom surfaces of the
microstructures, i.e., the surface areas contacting with Ni, are rough
with rugged and tessellated textures, as shown in Fig. 10(a) and
(b). In order to identify the reason for these rough surface tex-
tures, a heat treatment test was performed by only heating a Ni
mold at 800 °C in Ar atmosphere for 15 min without molding press.
Fig. 10(c) and (d) shows photographs of the Ni mold surface after
the heat treatment. The rugged textures of the Ni mold after the
heat treatment in Fig. 10(c) are very similar to that in Fig. 10(a),
and the tessellated textures in Fig. 10(d) are similar to those in
Fig. 10(b). This fact indicates that the Ni mold surface becomes
rugged and tessellated during heating, and these surface textures
will be replicated onto the diamond surface during pressing. From
the viewpoint of mold life, a molding temperature higher than
800°C is not recommended in the present process.
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Fig. 11. Three- and two-dimensional surface profiles of diamond samples pressed under various pressures: (a) (b): 30 MPa, (c) (d): 60 MPa.

4.4. Effect of molding pressure

Molding pressure might be an important factor for controlling
the thermochemical reaction. To investigate the effect of pressure,
molding experiments under different pressures were conducted.
Fig. 11 shows three- and two-dimensional surface profiles of dia-
mond samples pressed under molding pressures of 30 MPa and
60 MPa. The two-dimensional profiles were obtained along the dot-
ted lines indicated on the three-dimensional ones. The processing
depth was measured from the two-dimensional profiles as the
distance between the top surface (the non-reacted area) and the
bottom surface (the reacted area) of the microstructures. The mean
value of the processing depth was calculated from a total of 20
measurements. When the molding pressure was 30 MPa, the pro-
cessing depth was 20 (+5) nm. The processing depth increased to 83
(£12) nm when the molding pressure was increased to 60 MPa. This
result demonstrated that the thermochemical reaction between
diamond and Ni was accelerated by pressure. When molding was
conducted without pressure (0 MPa), however, no microstructures
were confirmed on the diamond surface. In case of no pressure,
the contact between the diamond sample and the Ni mold is
incomplete, blocking the interfacial carbon diffusion. Therefore,
it is important to use a sufficient pressure to imprint uniform
microstructures on diamond. A high pressure improves thermo-
chemical reaction speed and enables imprinting microstructures
deeper and faster, and on an uneven diamond surface.

4.5. Effect of molding temperature

Temperature might be another important factor for the ther-
mochemical imprinting process. For examining the effect of
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Fig. 12. Effect of temperature on processing depth of thermochemical imprinting.

temperature, the diamond samples imprinted at 600°C, 650°C,
700°C, 750°C and 800 °C under the same pressure (30 MPa) were
compared. The processing depth at each temperature was mea-
sured and plotted in Fig. 12. When temperature is below 650°C,
thermochemical reaction did not occur. The processing depth
increases gradually in the range of 700-800°C. It indicates that
the thermochemical reaction is promoted at a higher tempera-
ture. Therefore, the depth of thermochemical imprinting can be
controlled precisely by temperature and pressure.

In addition, it is known from the Ni-C phase diagram [26] that
the amount of carbon diffusion to Ni is limited by temperature
and pressure. The speed of the thermochemical reaction between
Ni and diamond can be described by the Arrhenius equation [27].
Therefore, the diffusion of carbon will saturate at a point decided
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by the temperature and pressure used. After the diffusion of car-
bon has saturated, the graphitization process stops, even if a longer
heating and pressing time is set. The point of saturation will be
investigated quantitatively as a future task in this study.

5. Conclusions

Thermochemical imprinting process of single-crystal diamond
using a Ni mold under high temperature and pressure was investi-
gated. The following conclusions were obtained:

(1) The shape of microstructures formed on the Ni mold using a
nanoindenter system can be imprinted onto diamond surface
through carbon diffusion-based thermochemical reaction.

(2) During thermochemical imprinting, a graphite layer will be
formed on the diamond surface, which can be removed by
washing with acid.

(3) Pressure has a strong effect on the thermochemical reaction. A
higher pressure leads to a larger processing depth.

(4) The imprinting depth of microstructures increases with tem-
perature. A temperature higher than 650°C is necessary to
activate the thermochemical reaction.

(5) At a high temperature (~800 °C), the Ni mold surface is rough-
ened with rugged and tessellated textures after heating, and
these textures are further transferred to the diamond surface
during imprinting.

The present study has demonstrated the feasibility of a
cost-efficient method to fabricate large-area microstructures on
single-crystal diamond. This method is expected to be useful for
creating micro surface patterns on diamond for cutting tools, opti-
cal elements, semiconductor substrates, and so on. One of the future
tasks is to investigate the performance of other mold materials such
as Fe, Ti, Co, etc., in the thermochemical imprinting process.
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