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Abstract

Nanopores in insulating solid state membranes have recently emerged as potential candidates
for sorting, probing and manipulating biopolymers, such as DNA, RNA and proteins in their
native environment. Here a simple, fast and cost-effective etching technique to create
nanopores in diamond membrane by self-assembled Ni nanoparticles is proposed. In this
process, a diamond film is annealed with thin Ni layers at 800—850 °C in hydrogen atmosphere.
Carbon from the diamond-metal interface is removed as methane by the help of
Ni nanoparticles as catalyst and consequently, the nanoparticles enter the crystal volume. In
order to optimize the etching processand understand the mechanism the
annealed polycrystalline and  nanocrystalline diamond films  were analyzed by X-
ray photoelectron spectroscopy (XPS), and the gas composition during the process was
investigated by quadrupole mass spectrometer. With this technique, nanopores with lateral size
in the range of 15-225 nm and as deep as about 550 nm in diamond membrane were produced
without any need for lithography process. A model for etching diamond with Ni explaining the
mechanism is discussed.

1. Introduction

Like their biological counterparts [1], artificially engineered nanopores in solid-state
membranes constitute versatile and robust devices to investigate molecular properties
of biomolecules [2] and biomolecular interactions [3]. The nanopore sensing concept utilizes
chips (typically made in silicon (Si)) that contain a thin free-standing membrane into which a
nanometer-sized hole (nanopore) is drilled [2], [4]. When a nanopore chip is immersed in a
conducting electrolyte solution containing analyte molecules and an electric field is applied
across the membrane, the molecules could partially block the ionic current upon passage
through the pore [5]. Individual molecule could then be detected by measuring the time
duration and magnitude of current blockage. Notable examples include nanopores in
Si0; and Si;N, membranes fabricated by using either an Ar* beam [5], [6] or an electron beam
(e-beam) in a transmission electron microscope [7], [8].

Such nanopore sensing systems offer high stability against pressure variations and
mechanical vibrations and thus give more reproducible results. However, analyzing
molecules in harsh conditions such as extreme temperatures, voltages or pH
conditions could lead to the malfunctioning or in extreme cases to the destruction of the



chips with conventional membranes. The problem can be solved by establishing nanopores in
diamond since this material possesses exceptional physio-chemical properties such as the
highest hardness and Young’s modulus (1200 GPa) of all known solids, a very high thermal
conductivity (20-22 W cm™' K') and a low thermal expansion coefficient [9], [10], [11],
[12]. Furthermore, because of its wide band gap, the electrochemical potential window
of diamond is significantly larger and the background current within this regime considerably
lower than conventional electrodes made from metals or graphite [13]. This behavior
enables detection with low noise over a wide potential range.

Since diamond is chemically inert in gases and liquids at room temperature, the etching of
diamond required for the device fabrication is performed almost exclusively by the reactive
ion etching (RIE) technique with the help of lithographical processes, lithography being used
for mask deposition [14], [15], [16]. However, with the RIE, fabrication of very narrow (10—
50 nm in lateral size) and long (typically longer than 300 nm) pores has become problematic
due to the limitation in lithographic resolution and high aspect ratio etching profiles. In
addition, an unavoidable use of the e-beam lithography for fabricating high resolution
nanostructures makes the RIE process costly and time consuming.

We have previously reported on the metal catalyst-assisted etching of polycrystalline and
nanocrystalline diamond in hydrogen atmosphere for nanopore generation in the diamond
membrane [17]. The role of different process parameters such as metal type, process
temperature and time, hydrogen pressure, and diamond microstructure was investigated
extensively. However, the etching mechanism was not fully understood. In this article, we
extended our investigation to get further insight into the etching process and thereby to
develop a model explaining the mechanism. For this purpose, we emphasized the influence of
etching time, nanoparticle size and annealing atmosphere in the etching process and
measured the chemical composition of the gas during etching. Surface chemistry of the
samples was analyzed by XPS, while their morphology was examined using scanning
electron microscopy (SEM). Ni was used as a potential catalyst since it showed the highest
etching activity among the studied metals (Co, Pt and Au) [17].

The etching mechanism was investigated based on the reported works that dealt with catalytic
formation of nano-holes and nano-channels (open tube) in the surface layers of highly
oriented pyrolytic graphite and diamond [18], [19], and patterning of diamond
surfaces [20]. The etching of diamond was suggested to be accompanied with the formation of
a carbide-like layer containing hydrogen at the diamond-metal interface and the successive
formation of this layer was thought to assist the moving of nanoparticles resulting in the
channeling of diamonds [19]. In contrast, Ralchenko et al. [20] interpreted the etching
according to a mechanism involving carbon dissolution in metal, followed by diffusion from
the diamond-metal to the metal-gas interface and finally desorption of carbon as
hydrocarbons.



2. Experimental
2.1. Etching of diamond films

The etching technique consists of two steps, (i) the deposition of thin Ni layers on a diamond
substrate, and (ii) the subsequent annealing of the substrate in hydrogen atmosphere. The Ni
layer with thickness in the range of 1-15 nm was deposited by e-beam evaporation, the
thickness being measured by a quartz oscillator. The annealing step was carried out in a
chemical vapor deposition (CVD) reactor, usually dedicated to diamond growth, at 800—
850 °C in 60 Torr flowing hydrogen with 100 standard cubic centimeter per minute (sccm, at
STP). The base pressure of the reactor before the process was <106 Torr. The temperature
was increased from room temperature at a rate of ~200 °C/min and measured with an infrared
pyrometer with a reading precision of +10 °C. After the annealing step, the samples were
cooled down for 30 min under continuous hydrogen flow.

Two types of diamond films were used for these experiments, namely polycrystalline
diamond with grain size of typically 50 um (Fig. 1a) and nanocrystalline diamond (grain
size 100 nm) (Fig. 1b). Polycrystalline diamond was obtained from Element Six
(electrochemical grade boron doped CVD diamond). Nanocrystalline diamond (undoped) with
a thickness of about 1.5 pum was grown on a silicon substrate in a microwave plasma CVD
reactor (Seki-ASTEX 5200 MPCVD system) using the bias enhanced nucleation method [21]
with following parameters: 900 °C temperature, 1000 W microwave power, 0.3% methane in
hydrogen, and pressure of 30 Torr.

Fig. 1. SEM images of (a) as-received polycrystalline diamond and (b) nanocrystalline diamond
with average grain size of about 50 um and 100 nm, respectively. Polycrystalline diamond
substrates are electrochemical grade boron doped CVD diamond purchased from element six,
whereas nanocrystalline diamond films are grown on Si substrates in a MPCVD reactor using
bias enhanced nucleation approach.



2.2. Analysis of the chamber gas with mass spectrometer

A quadrupole mass spectrometer gas analyzer (AMETEK Dycor Dymnaxion DM 100) was
fitted to the exhaust port of the reaction chamber with an aperture inlet consisting of a 5 pm
aperture within a manual valve. The aperture was chosen to reduce the pressure from 60 Torr
in the process chamber down to 105 Torr in the quadrupole. The detection set consisted of a
Faraday cup detector, and an electron multiplier was used to amplify the signal by
approximately one thousand. The minimum detectable partial pressure for the Faraday cup

detector is 5 x 1072 Torr and that for electron multiplier units is 5 % 107 Torr with mass
resolution of 0.5 AMU at 10% height.

2.3. XPS measurement

The XPS measurements were performed on the samples after process, with a monochromatic
Al Ko anode (1486.6 eV) that was calibrated with respect to the Au 4f;, peak located at
84.0 eV. The spectrometer was equipped with an EA 125 hemispherical analyzer. The path
energy was 20 eV corresponding to an absolute energy resolution of 0.6 eV. The detection limit
of our XPS setup is estimated to be 0.2 at.%. Areas of XPS core levels were extracted after a
Shirley correction of the background and atomic contents were calculated after correction by
the photoionized cross-sections. For the XPS measurement, the detection of any component

is strongly influenced by the penetration depth of X-ray (probed depth d) that is calculated
by:

(1)d=3Acosb

where 4 is the mean free path of photoelectrons and 6 is the angle between the surface

normal and the analyzer direction (for our XPS geometry, @ =41°). According to our
experimental conditions, probed depths for C 1s and Ni 2p were estimated to be 7.0 and 2.3 nm
taking into account A values of 3.1 and 1.0 nm respectively [22].

3. Results and discussion

3.1. Formation of nanopores into diamond films

For this study, samples were processed in the temperature range 800—850 °C as no sign
of etching was observed below 800 °C in 60 Torr hydrogen with increasing thickness of

evaporated Ni film [17]. Fig. 2 shows SEM images of (100) surface of annealed
polycrystalline diamond in the case of 3 nm Ni layers.



Fig. 2. SEM images of (1 0 0) surface of annealed polycrystalline diamond after (a) 30 s, (b)
3 min, (¢) 10 min and (d) 6 h of annealing with 3 nm Ni layers, (800 °C, 60 Torr H.). The red
circle identifies a particular particle evolution, and the red arrow indicates the movement of the
particle due to gravity prior to etching. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

After 30 s of annealing at 800 °C we observed self-organized Ni nanoparticles on the surface
(Fig. 2a). Etched structures started to appear after 3 min (Fig. 2b), and nanopores with flat
sidewall faces and sharply defined edges were formed after 10 min of annealing (Fig. 2c¢).
6 h annealing resulted in nanopores with ruptured edges and sidewall faces (Fig. 2d). In

addition, while not conclusive, movement of the particle due to gravity was observed prior to
etching.

During annealing the Ni layer melts and forms spherically shaped nanoparticles prior to
etching in order to minimize the surface energy. This effect is well known and relates to the
melting point lowering effect of thin metal films and hydrogen diffusion into the metal [23],
[24], [25]. The solid Ni droplets, as seen in Fig. 2¢ on (1 0 0) diamond surface, are of round
shape, while the pits in which they seat are rectangular. We can expect that at high
temperature the droplets are liquid, and the contact surface between nickel and diamond is
very large. However, because of the high surface energy, the droplet cannot wet completely the
pit bottom or corners. Also, the etch pattern is usually much larger than the droplet indicating
that etching occurs even if there is no contact between nickel and diamond. This observation
suggests an important contribution of atomic surface diffusion in the process.

We estimated the diameter of the resulting nanoparticles to be approximately ten times larger
than the initially evaporated Ni layer thickness. Fig. 2¢ suggests that the size of the nanopores
depends on the size of the initially formed Ni nanoparticles and can be adjusted to a certain



extent by the Ni layer thickness, as is shown in Fig. 3a which shows the diameter
distribution of nanopores with the Ni layer thickness. Nanopore diameter was estimated by
the analysis of the SEM images. Diameter was considered for the pore size since most of the
nanopores had a circular section in first approximation in the case of nanocrystalline diamond.
The mean diameter of the nanopores was observed to increase with the Ni layer thickness (Fig.
3a). We also calculated the ratio of the mean diameter of the nanopores to that of Ni particles
to be approximately 1.5:1. In contrast to the diameter distribution, the density of the nanopores
was found to decrease with the Ni layer thickness (Fig. 3a). During annealing small Ni particles
generated initially from relatively thick film, e.g. 15 nm Ni layers, could coalescence /and
dissolve into the big particles through surface migration and growth that could result in the
decrease of the density of active Ni particles for etching. The SEM image of Fig. 3b shows the
largest nanopores with mean lateral size of about 225 nm that were achieved by annealing the
nanocrystalline diamond at 850 °C with 15 nm Ni layers for 10 min, whereas the smallest
nanopores with mean size of about 15 nm were obtained in the case of 1 nm Ni layer (Fig. 3c).
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Fig. 3. (a) Nanopore diameter and density distribution measured for nanocrystalline diamond
after 10 min annealing with Ni layers of thickness of 1-15 nm, (850 °C, 60 Torr H.). The box
represents standard deviation. The band and square inside refer to median and mean
respectively; minimum and maximum values are indicated by the cross. Nanopore diameter and
density were estimated by analyzing the SEM images of each processed sample.
(b) Corresponding SEM image showing the largest pores with mean diameter of 225 nm
produced by Ni particles generated from 15 nm Ni layers, whereas (¢) showing the smallest
pores (~15 nm) obtained in the case of 1 nm Ni layer; the inset is a magnified image of the
marked section.



Nanocrystalline diamond samples exhibit a mixture of [1 1 1] and [1 0 0] oriented planes, and
the etching behavior is different depending on the crystallographic orientation. While
pyramidal shaped nanopores were formed on the (1 0 0) surface of diamond, a mixture of
pyramidal, conical and cylindrical shaped nanopores were found on the nanocrystalline
diamond. Such orientation dependence of diamond etching has been investigated extensively
by using molten Ce [26], Fe particles [27], Co nanoparticles [28], and molten Ni [29], as
catalysts. It has been shown that Ni assisted diamond etching is slowest for [1 1 1] oriented
diamond planes and that they act as stopping planes [29]. Since the uptake of carbon atoms
from diamond by the metal nanoparticles occurs preferentially from the weakly bonded
atoms, the carbon atoms of the closest packing plane, {1 1 1} planes, are the most stable against
the dissolution of carbon in nanoparticles, as compared to the other crystal planes [29]. As a
result, nanopores walled with four {1 1 1} planes are formed on the {1 0 0} surfaces whereas
{11 1} show pores with equilateral triangles and hexagons [28], [29]. The effect of deposited
Ni thickness on nanopore depth was then studied. The results are plotted in Fig. 4a.
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Fig. 4. (a) Nanopore depth distribution measured for nanocrystalline diamond after 10 min
annealing with Ni layers of thickness of 1-15 nm (850 °C, 60 Torr H.). After annealing, cross-
sections of each processed sample were observed by SEM and pore depth was estimated by
analyzing the images. Bottom and top line of the box represents 25th and 75th percentile of
each data set respectively. The band and square inside refer to median and mean respectively;
minimum and maximum values are indicated by the cross. Whiskers refer to standard
deviation + mean. (b) SEM image, acquired with a backscattered electron detector, of the cross-
section of an etched nanocrystalline diamond after 60 min annealing with 3 nm Ni layers; bright
spots correspond to Ni nanoparticles.

Nanocrystalline diamond was annealed with Ni layers of thickness of 1-15 nm for 10 min at
850 °C. The depth of nanopores was measured by SEM on cross sections of each processed
sample, as is shown in Fig. 4b for 3 nm Ni. The bright contrast corresponds to Ni nanoparticles
that were embedded into the diamond crystal. From this investigation we observed the
increase in nanopore depth with the Ni layer thickness, in particular, for 10 and 15 nm Ni layers.
As the carbon atoms etched from the diamond surface have to diffuse through the catalyst
particle to reach the gas phase, this increase in depth shows that the etching of diamond is not
limited by the diffusion of carbon through the particle. The limitation factor could therefore be
the processes occurring at the catalyst—-diamond interface, in particular the formation
of carbide, or in the gas phase.



Hydrogen is necessary in the etching process since no etching was observed when the
polycrystalline diamond was annealed in vacuum [17]. Moreover, the higher the pressure
of hydrogen gas in the chamber, the faster the diamond was etched [17]. The role of hydrogen
is however not completely clear. We assumed that hydrogen could be dissociated catalytically
into atomic hydrogen by Ni nanoparticles and gasify the dissolved carbon within the particles
and the amorphous carbon that could appear at the surface of the catalyst to form methane or
some CH, complex. High hydrogen pressure could enhance the desorption process of carbon
and thereby accelerate the etching of diamond.

3.2. Analysis of annealed diamond surfaces by XPS

In order to explore the existence of nickel carbide at the catalyst—diamond interface that could
limit the etching process, we investigated the surface composition of annealed samples by XPS.
Two polycrystalline diamond films with 3 nm Ni layers were annealed for 30 s and 10 min at
800 °C in 60 Torr hydrogen atmosphere. The corresponding SEM images are displayed
in Fig. 2a and c. The samples were then characterized by XPS. The XPS spectra of C 1s and
Ni 2p core levels are shown in Fig. 5.

11700 3200

: r @ cu Nizp  (b)

e 30 sec anneaﬁng/ 3000 862.7.eV P

9100 - {.

7800 _2s0] || 874 oV
i i i ™ BI04 eV B70.2 eV
% 6500 - 10 min annealing izmm— i I}“\ (%Jlk“ﬁﬂ
‘g 5200 E

Z 2400 | | ;)“'Ih

g 3900 - E f M

0 2200 4

1300 ~ MI‘

] 20010 +

282 284 286 288 290 850 855 860 865 870 875 880
Binding energy (eV) Binding energy (¢V)

Fig. 5. XPS spectra of (a) C s core level for 30 s and 10 min annealed polycrystalline diamond
with 3 nm Ni layers showing similar peak at 284 eV, that is related to the sp hybridized
carbon atoms at the diamond surface, and (b) Ni 2p core level for 10 min annealed
polycrystalline diamond showing the signature of metallic Ni at 852.7 eV (Ni 2p3/2) and
oxide (Ni.Os) at 856.4 ¢V.

The C 1s spectra for 30 s and 10 min annealed diamond films show similar carbon peak at
284 ¢V (Fig. Sa) that is related to the sp® hybridized carbon atoms of diamond surface [30].
Ni 2p core level spectrum (Fig. 5b) obtained from 10 min annealed diamond shows the
signature of metallic nickel at 852.7 eV (Ni 2p3/2) and nickel oxide (Ni,0;) at 856.4 ¢V [31].
Similar spectrum was obtained for 30 s annealed diamond. For both samples, the spectra of C
Is and Ni 2p core levels did not show carbide component. According to the literature, metallic
carbides lead to the presence of an additional component at C 1s located at lower binding energy
(~283 eV) vs diamond one [32], [33]. On the other hand, energy loss spectra (ELS, Fig. 6)
recorded at C 1s core level for 30 s and 10 min annealed diamond exhibit the characteristic
diamond bulk plasmon at +34 ¢V and surface plasmon at +24 eV from the C 1s [34].



4500

400 -

34 eV

30 sec annealing

2 ¥ g ¥
T 0 R

Intensity (a.u)

10 miin annealing

o ¥ T ! T ¥ T ¥ T !
L1 10 20 a0 40 S0

Energy loss (&V)

Fig. 6. ELS spectra recorded at the C 1s core level for 30 s and 10 min annealed polycrystalline
diamond with 3 nm Ni layers showing the characteristic diamond bulk plasmon at +34 eV and
surface plasmon at +24 eV and suggesting no change in the diamond structure after
catalytic etching by Ni nanoparticles.

The result suggests that the diamond structure was maintained after the catalytic etching by Ni
nanoparticles. Probed depths for C 1s and Ni 2p were estimated to be 7.0 and 2.3 nm taking
into account A values of 3.1 and 1.0 nm, respectively [22]. On the other hand, the diameter of
the spherically shaped Ni nanoparticles generated from the 3 nm Ni layers was estimated to be
approximately 45 nm. Any component, e.g. carbide, that might form at the diamond-metal
interface or present within the particles below the probed depth was therefore not detectable.
We also investigated the interface by XPS after removing Ni particles from the 10 min annealed
diamond by aqua regia (HCI/HNO; 3:1). The spectrum (not shown) again did not show any
carbide component. No carbide was therefore detected before or after the removal of the nickel
catalyst. However, we cannot completely exclude the occurrence of carbide at the interface
during the process at 800 °C. There could be a thin layer of carbide at the interface hidden by
the Ni nanoparticles, but was etched away together with the nanoparticles by aqua regia.

3.3. Gas composition analysis

For the better understanding of the etching process, the gas composition in the chamber was
analyzed during the process. Starting from pure hydrogen, the atmosphere was progressively
contaminated by carbon species coming out of diamond. In order to increase the signal, the
process was carried out in closed chamber (no hydrogen flow) and a 2 inch nanocrystalline
diamond was used. Temperature was 800 °C and 3 nm Ni layers were deposited on the
sample. After 1 min of process, methane was detected by the spectrometer (Fig. 7b). The
process was carried on for 6 h. Fig. 7¢ shows the evolution of the total number of carbon atoms
in the gas phase. Two different regimes were observed: rapid etching within first 60 min, then
slow etching and eventually saturation after about 90 min. In order to compare these results
with the SEM observations, the number of carbon atoms removed from the diamond surface



during etching was estimated from the average diameter and depth of the nanopores and shown
as dotted line in Fig. 7c.
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Fig. 7. Mass spectra (a) before annealing, hydrogen being added in the gas phase, (b) after
1 min of the process revealing the release of carbon atoms from the diamond, and (¢) number
of carbon atoms removed from nanocrystalline diamond during 6 h of the process (800 °C, 3 nm
Ni, 60 Torr H,). In panel (c), solid line represents spectrometer data, whereas the dotted line
corresponds to the number of removed carbon atoms calculated from the average depth and
diameter of the nanopores. Pw indicates pressure in the spectrometer head.

The agreement is quite convincing, confirming that the methane is coming out of the nanopores,
and that methane is the main hydrocarbon species carrying etched carbon atoms. The observed
behavior of methane evolution could explain the etching process in the following ways:

— For short etching time (before typically 60 min of etching); the process is limited by the
kinetics at the catalyst—diamond interface and the etching rate is roughly constant.

— For long etching time (between 60 and 90 min); the catalyst droplets are already
located deep inside the diamond film (300-500 nm) resulting in the reduction of both
the diffusion of hydrogen into the pores and the out-diffusion of methane from the pores.
Thereby, the carbon desorption from the nickel catalyst is decreased. If the desorption
rate is not high enough to remove all the carbon, a graphite-like film can be formed at



outer metal surface causing catalyst deactivation [35]. Those areas which turn out
to be covered by carbon films show a slower etch rate.

— For etching time typically longer than 90 min; either the methane around the catalyst
droplets is in equilibrium with the carbon at the catalyst surface, or there is no
hydrogen anymore near the catalyst, and consequently the etching process is stopped.

The etching depth is therefore limited by gas in- and out-diffusion inside the nanopores. In order
to justify this hypothesis, a diamond sample was annealed in 60 Torr hydrogen at 800 °C with
0.5% methane. No etching was observed after 60 min of process (Fig. 8a).

Fig. 8. SEM images of (a) (1 0 0) surface of polycrystalline diamond after 60 min annealing in
60 Torr H, and 0.5% CH. environment showing the compensation of etching by CH. molecules,
and (b) nanocrystalline diamond after 6 h annealing in the closed chamber under 60 Torr
H. demonstrating the growth of CNTs due to the accumulation of carbon atoms on the catalyst;
both samples were processed with 3 nm Ni at 800 °C.

In fact, the methane concentration was high enough to stop the carbon desorption from the
catalyst, preventing any etching. Interestingly, the increase in carbon concentration around
the catalyst could lead, in some particular conditions, to the reverse process: the growth of
CNTs. It was the case, for example, for a nanocrystalline diamond sample annealed in the closed
chamber for 6 h with 3 nm Ni layers at 800 °C under 60 Torr hydrogen. The nanotubes
(Fig. 8b) clearly grew after a long etching step, the catalyst being located deep inside the
microcrystal. The growth mechanism of CNTs on diamond with Ni nanoparticles as catalyst
could be found in Ref. [36].

Similarly, a process performed in vacuum does not lead to any etching [17] showing the
importance of both hydrogen in-diffusion and methane out-diffusion in the process.

3.4. Model for etching diamond with Ni

After the formation of catalyst droplets by dewetting, five important steps of the process have
been identified based on the above investigations, as shown schematically in Fig. 9:

1. Diffusion of molecular hydrogen from the chamber to the surface of the catalyst.
2. Molecular hydrogen is catalytically dissociated into atomic hydrogen by nickel.
3. Carbon atoms from the diamond surface can be removed through two different ways:



a. a.The carbon atoms dissolve in the nickel droplet and then diffuse to the metal—
gas interface where they react with hydrogen atoms forming methane.
b. b.Hydrogen atoms diffuse within the catalyst to reach the diamond-metal
interface, then remove carbon in the form of methane.
4. Desorption of methane from the catalyst.
5. Out-diffusion of methane from the vicinity of the catalyst.

H s CH H, CH,

Fig. 9. Schematic representation of the model for etching diamond with Ni;
(1) hydrogen diffusion to the catalyst surface, (3a) carbon diffusion from the metal-diamond
interface to metal—gas interface and then desorption as methane, (3b) hydrogen diffusion to the
diamond-metal interface and carbon desorption as methane and (5) out-diffusion of methane
from the vicinity of the catalyst.

For short etching time, when the catalyst is still located close to the diamond surface, step 3 is
limiting the etching process. In both cases, 3a and 3b, the reaction is not limited by the diffusion
through the catalyst as the etching rate does not decrease with the catalyst thickness. The
process is therefore limited by the reaction at the diamond—catalyst interface. The surface study
carried out by XPS did not show any evidence of nickel carbide that could have limited
the interface reactions.

4. Conclusion

The etching mechanism of diamond using Ni nanoparticles as catalyst was investigated
through SEM observation, surface chemistry by XPS and gas composition analysis. A
simplified model was proposed to explain the etching mechanism. According to this model,
carbon atoms are dissolved into the nickel particle and then transferred to the gas phase as
methane with the help of hydrogen. Depending on the kinetics at the diamond surface and
the hydrogen in- and methane out-diffusion between the chamber and the etching location, the
etching mechanism is either limited by the surface kinetics, as, for example at the beginning
of the process, or by the diffusion when the nickel particles are deep inside the diamond layer.
This last phenomenon is at the origin of the limitation in depth of the process. However, the
understanding of the process, in particular the rate limiting steps allowed us to improve the
etching conditions, and nanopores of about 600 nm long were etched into a diamond
membrane leading to the fabrication of a porous diamond membrane. This new process opens



many valuable opportunities for the development of diamond technology. Porous diamond
membranes are for example key elements for sensors. In addition, controlled surface

roughness or well-defined etching pattern will be very useful, and it will boost the
development of diamond based applications.
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