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Abstract 
 
This study investigates the deep etching characteristics of microcrystalline diamond films using a 
Ni-catalyzed thermochemical process conducted at different temperatures (750-900°C) and gas 
compositions. Under H2 microwave plasma conditions, minimal etching was observed beneath the Ni 
mask. Although introducing CO₂ into the gas mixture enhanced the etching rate by factors of 2-3, it 
resulted in non-selective etching of unmasked regions.  
Changing to water vapor conditions led to superior etching selectivity, though the process was still 
pressure-dependent. At low pressure (65 mbar), catalytic etching achieved a maximum depth of 
5-6 μm due to saturated graphitization around Ni. This limitation was overcome by increasing 
atmospheric pressure, enabling the formation of depth structures up to 20 μm with an etching rate of 
45 μm/h. Temperature-dependent studies were conducted to evaluate the etch profile evolution. 
Using a 200 nm thick Ni mask at 900°C under atmospheric pressure conditions, we achieved highly 
anisotropic etching with vertical sidewalls, contrasting with the sloped profiles typically observed in 
single-crystal diamond etching. This technology presents a cost-effective alternative to conventional 
dry plasma etching processes for fabricating complex 3D structures.  
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1. Introduction  
 
Diamond possesses extraordinary physical and electronic properties, including optical, thermal, and 
mechanical characteristics that make it invaluable across diverse applications. The unique combination 
of properties has established diamond as a progressive material in electronics 1], photonics, optics, 
opto-mechanics, and quantum technologies [2–4]. Diamond coatings significantly enhance device 
performance and durability, particularly in harsh environments and high-temperature applications 
that demand superior resilience [5]. Moreover, integrating diamond materials in Micro-Electro-
Mechanical Systems enables the development of advanced sensors, actuators, and other microscale 
devices with improved reliability and functionality [6,7]. 
The fabrication of micron-sized patterns in diamond films is crucial for high-tech applications and 
industries. However, achieving precise bulk patterning remains challenging due to the diamond's 
exceptional hardness and chemical inertness, which make traditional machining methods ineffective. 
Various post-growth processing techniques have been investigated for diamond film manipulation, 
including ion beam irradiation [8], laser etching and cutting [9], and reactive ion etching with O2 or CF4 
plasma [10–12]. Although dry etching processes show promise, their effectiveness is often limited by 
mask material re-sputtering and the high costs of vacuum equipment for these processes. 
Complementary to dry etching processes, temperature-accelerated chemical treatment techniques 
are well adopted in polishing treatments. The hot metal lapping technique, leveraging carbon's 
solubility in iron at elevated temperatures, enables high-quality polishing of rough diamond films. 
However, creating high-resolution structures requires reducing metal pattern thickness to the 
micrometer scale, which is challenging due to thin films' limited carbon dissolution capacity [13]. To 
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address this limitation, researchers have proposed treating diamond-metal systems through annealing 
in H2 [13–15] or water vapor [16–18] rather than in vacuum or inert gas atmospheres. These 
environments promote mainly sp2 carbon desorption from the metal surface, enabling continuous 
removal of dissolved carbon and accelerating diamond catalytic etching rates. This thermochemical 
reaction approach has been successfully demonstrated with various transition metals (Fe, Ni, Co, Ti) 
for diamond etching and patterning in mechanical machining applications [13,14]. 
Ni-catalyzed thermal graphitization of diamond presents both challenges and opportunities in 
transforming diamond into sp²-carbon form [14,19,20]. This process in high-temperature water vapor 
conditions enables deep etching, reaching hundreds of micrometers in monocrystalline diamond [17]. 
However, information on the etching of thick polycrystalline diamond films of randomly oriented 
microcrystals is lacking.  
In this study, the potential for deep etching of thick polycrystalline diamond layers through catalytically 
driven reactions at high temperatures, using hydrogen (H2) and/or carbon dioxide (CO2) gas mixtures 
excited in microwave plasma, as well as a plasma-free environment in hydroxyl-rich water vapor (OH), 
is explored. The research focuses on optimizing key process parameters, including water vapor 
pressure, temperature, and process duration for Ni-catalyzed etching of microcrystalline diamond 
layers, aiming to achieve rapid and precise patterning. 
 

2. Experimental  
 
Microcrystalline diamond (MCD) layers were deposited on silicon substrates using microwave 
plasma-enhanced chemical vapor deposition (MW-PECVD). Before deposition, the silicon substrates 
were ultrasonically cleaned in acetone, isopropyl alcohol, and deionized water for 10 minutes each. To 
promote diamond nucleation, the substrates were treated in an aqueous suspension of nanodiamond 
powder (NanoAmando, 5 nm particle size) under ultrasonic agitation for 40 minutes [21]. 
The MCD layers were deposited using the MW-PECVD system (Seki Diamond Systems, SDS6K). 
Morphological analysis of the MCD films was performed with field emission scanning electron 
microscopy (SEM, Tescan Maia 3). SEM provided high-resolution imaging of surface features, grain 
boundaries, and crystal orientation. The microscope was operated at an acceleration voltage of 10 kV 
with a working distance of 2-5 mm to optimize image quality. 
The MCD layer, shown in Fig. 1a, was synthesized under the following process parameters: a deposition 
duration of 5 hours, chamber pressure of 120 mbar, microwave power of 5 kW, and a gas mixture of 
500 sccm hydrogen with 25 sccm methane. The average deposition temperature was kept at 
960±20°C, resulting in a diamond layer thickness of approximately 10 μm. 
After deposition, Ni strips with thicknesses of 50 nm and 200 nm were thermally evaporated onto the 
MCD surface using mechanical masks, as illustrated in Fig. 1b. The Ni strips were 150 µm wide, with 
500 µm spacing between them.  
 

 
Fig. 1. (a) SEM photographs of the surface morphology of the prepared 10 μm MCD diamond layer; 
(b) Ni strips 200 nm evaporated on the MCD through the mechanical mask. 
 



The MCD diamond samples covered with the evaporated Ni strips were exposed to water vapor (wet) 
annealing, as shown in Fig. 2 [16]. The annealing process was conducted under varying pressures 
ranging from 65 mbar to atmospheric pressure (1 bar). Nitrogen gas was bubbled through ultrapure 
demineralized water and introduced into an electric cylindrical furnace (CLASIC Ltd.) consisting of a 
quartz tube, resistive heating elements, and a ceramic holder. 
The annealing temperature was maintained between 750°C and 975°C for 10 to 60 minutes. The 
nitrogen gas flow rate was regulated at 750 sccm throughout the process to ensure consistent reaction 
conditions. 
 

 
Fig. 2. Schematic side view of the water vapor annealing system. 
 

3. Results and discussion  
 
This section presents the experimental findings on the deep etching of microcrystalline diamond using 
H2 and O2 plasma, as well as hydroxyl-rich water vapor at elevated temperatures. 
 

3.1 Etching diamond through Ni mask using H2 and O2 gases in MW plasma 
 
Firstly, we investigated the impact of H2 and O2-containing gas mixtures excited by plasma on 
Ni-catalyzed deep etching of MCD films. The experiments employed the same MW-PECVD apparatus 
used for diamond deposition, with the following parameters: chamber pressure of 120 mbar, 
microwave power of 5 kW, H2 gas flow rate of 200 sccm and a substrate temperature of 900°C. These 
conditions were chosen with respect to a previous study on reactive molecular dynamics presented 
by Xu et al., who provide a comprehensive account of the mechanisms underlying the different 
etching of diamonds by H2 and O2 plasma [11].  
When subjected to H2 plasma etching with a 50 nm thick Ni mask, the MCD film showed minimal 
etching, as seen in Fig. 3a-c. Fig. 3a provides a top view of the MCD film post-H₂ plasma etching. 
Typically, H2 plasma for 30 minutes does not etch diamond [22]; however, a slight surface etching of 
about 40-60 nm was observed, attributed to the gentle de-sputtering of the masking Ni layer onto 
the unmasked MCD regions. Fig. 3b shows a cross-sectional view of the MCD layer in the Ni-masked 
region after H₂ plasma etching, demonstrating negligible impact, with the original 10 µm thickness 
remaining unchanged. A detailed top view of the Ni-covered region after H₂ plasma etching is 
presented in Fig. 3c, revealing a slightly more pronounced etching of approximately 200 nm due to 
the higher Ni presence. So, these initial attempts with H₂ plasma are ineffective and lack selectivity. 
As the next, we introduced CO₂ (20 sccm, 10%) into the gas mixture to enhance etching efficiency. 
Fig. 3d illustrates a 45° angled view of the MCD film post-O₂ plasma etching, highlighting increased 
surface changes. The cross-sectional view (Fig. 3e) revealed almost 2.5 µm etching of diamond from 
the unmasked MCD film after 30 minutes. Fig. 3f displays a detailed top view of the Ni-masked MCD 
film, revealing an inhomogeneous etching with Ni clusters embedded about 1 µm into the MCD film. 
The addition of CO₂ substantially increased the etching rate; however, it also resulted in non-selective 



etching, affecting both masked and unmasked areas. Given the limitations of H₂ and O₂ plasma 
etching, we changed process parameters to high-temperature water vapor (OH) etching, inspired by 
a recent study on single-crystal diamond etching with water vapor [17]. 
 

 
Fig. 3: SEM images illustrating various stages of the MCD film MW plasma etching process: (a) top view 
of the MCD film post-H₂ plasma treatment; (b) cross-sectional view of the MCD film after H₂ plasma 
etching in the Ni-masked region; (c) top view of the Ni-masked area of the MCD film post-H₂ plasma 
treatment; (d) 45° angled view of the MCD film following O₂ plasma etching; (e) cross-sectional view 
of the MCD film after O₂ plasma etching; (f) top view of the Ni-masked area of the MCD film post-O₂ 
plasma treatment. 
 

3.2 Impact of pressure and Ni thickness 
 
Under low-pressure conditions (65 mbar) in a water vapor-enriched environment at 900°C for 
30 minutes, etching pits up to 5 µm was achieved in the diamond layer using a thin 50 nm Ni mask 
(Fig. 4a). However, the process was abruptly hindered due to the rapid graphitization of the diamond 
(i.e., sp2 hybridization), which restricted the sp2 carbon removal by hydroxyl radicals. Keeping process 
parameters constant, only raising the OH pressure to atmospheric level (1 bar) resulted in the etching 
pits 8 µm on average (see Fig. 4b). To enhance the relatively low etching efficiency MCD films with 
50 nm Ni mask, we further increased its thickness. Utilizing a 200 nm-thick Ni layer, the diamond 
beneath Ni was planarly etched through the entire thickness of 10 µm (Fig. 4c). Other possibilities how 
to enhance the etching efficiency is an increase of temperature up to 975°C while keeping the initial 
Ni mask at 50 nm. It was found that the diamond was also entirely etched down to the substrate, 
exposing its surface within just 15 minutes, as shown in Fig 4d.  
We can conclude that the water vapor etching process conditions demonstrate high selectivity, leaving 
unmasked diamond regions completely intact and unaffected. Moreover, the etching provided at the 
lower temperature of 900°C and thicker Ni layer (200 nm) is comparable to the process done at higher 
temperature (975°C) and thinner Ni (50 nm). This selectivity is clearly illustrated in Fig. 4c-d, where 
unmasked regions of the diamond remained entirely unaltered for both processes. 
 



 
Fig. 4. SEM images of the impact of pressure and Ni thickness show the structured 10 µm MCD after 
etching: (a) cross-section view with 50 nm Ni at low-pressure 65 mbar at 900°C for 30 minutes; 
(b) cross-section view with 50 nm Ni at atmospheric pressure 1 bar at 900°C for 30 minutes; 
(c) cross-section view with four-fold increase of Ni thickness, 200 nm Ni at atmospheric pressure 1 bar 
at 900°C for 30 minutes; (d) cross-section view with 50 nm Ni at atmospheric pressure 1 bar at 975°C 
for 15 minutes. 
 

3.3 Effect of temperature 
 
The next series of experiments focused on studying the impact of temperature ranging from 750°C to 
900°C on the etching of MCD films at atmospheric pressure in water vapor conditions. This involved 
depositing a 200 nm Ni layer onto a 20 µm thick MCD substrate grown for 10 hours under the same 
conditions as the initial one (with a thickness of 10 µm). The etching time was 1 hour for all samples. 
The cross-section views of the etching profiles of the MCD layers are summarized in Fig. 5. At 750°C, 
the etching depth is as low as 2 µm. Raising the temperature to 800°C, the etching rate rose almost 
twice, resulting in a depth of 5 µm. Above 800°C, the etching depth steadily increased to 15 µm 
(850°C), and full etching of the MCD layer characterized by nearly vertical sidewalls down to the Si 
substrate was observed at 900°C. While the MCD film was promptly etched at 900°C, we shortened 
the etching process to 10 minutes. The etched depth was 8 µm (Fig. 6a), indicating the etching rate 
was higher than 45 µm/h. Fig. 6b plots the dependence of the calculated etch rate on the temperature.  
 



 
Fig. 5. Cross-section SEM images of MCD films treated at different temperatures: (a) 750°C; (b) 800°C; 
(c) 850°C; (d) 900°C. The MCD films were 20 µm thick and annealed for 1 hour at the given 
temperature.  
 
Fig. 6c shows the Raman spectrum of the MCD sample etched for 10 minutes at two distinct regions: 
the unmasked and Ni-masked areas. Both spectra are dominated by two shar peaks centered at 
520 cm⁻¹, the silicon substrate, and 1333 cm⁻¹ attributed to the sp³-bonded carbon in diamond. After 
the etching process, the MCD film from the masked area revealed a band at approx. 1394 cm⁻¹, which 
should be assigned to sp2 hybridized carbon forms or partially disordered carbon in sp³ clusters [19], 
suggesting etching-induced graphitization of the diamond phase. Moreover, the interaction between 
Ni and the diamond surface might also influence the local vibrational modes, leading to the observed 
spectral changes [23–25]. 
 

 
Fig. 6. (a) SEM image after 10 minutes etching of 20 µm MCD at 900°C; (b) etching rate of MCD film 
through 200 nm Ni layer at different temperatures; (c) Raman spectra after etching from the unmasked 
(unetched) and Ni-masked (etched) areas. 
 
These experiments demonstrate that highly anisotropic etching could be achieved with a certain 
degree of vertical sidewalls, which represents a valuable process advancement. It offers strict control 
over feature geometry compared to the sloped profiles, as observed in single-crystal diamond etching 
presented by Nagai et al. [17]. They reported analogous anisotropic etching patterns in single 
crystalline diamond, similar to those observed in silicon, resulting in distinctive truncated inverted 
pyramidal structures. The angle between the four side walls and (100) planes was approximately 55°, 
which corresponds to the crystallographic angle between the {111} and (100) planes, demonstrating 
the strong influence of crystal orientation on the etching process. Our experiments suggest that the 
etching mechanism might be less dependent on the diamond crystal orientation and more sensitive to 
the process parameters once the process parameters are optimized (i.e., Ni thickness, temperature, 
pressure). 
 

3.4 Schematic model of thermochemical etching 
 
Nagai et al. proposed a model explaining the diamond etching mechanism through water vapor, which 
promotes and accelerates diamond graphitization [17]. We have extended this model by establishing 



correlations between process parameters and etching profiles in polycrystalline diamond films in terms 
of etching anisotropy/selectivity. The proposed model is schematically shown in Fig. 7.  
In agreement with Nagai, water vapor provides OH radicals while the Ni catalytic function is activated 
by the mutual influence of pressure and temperature. We previously observed [19] that the disordered 
carbon initially forms at the Ni-diamond interface under elevated temperatures, which is then 
progressively transformed into the graphitic phase. The sp2-hybridized carbon species diffuse through 
and around the Ni layer or particles, respectively, leading to increased carbon concentration both 
within Ni and at its top surface. 
Here, the reaction can slow down (nearly stop) when a critical concentration of accumulated sp2 
carbon is achieved, resulting in low etching efficiency at low pressures (Fig. 7b). However, increasing 
water vapor pressure from 65 mbar to 1 bar retrieves the catalytic dissolving of the diamond by 
removing saturated sp2 carbon atoms from the Ni top surface (Fig. 7c). The sp2 carbon removal from 
Ni interface is thermally amplified, as well as carbon diffusion and overall graphitization. Consequently, 
high-temperature conditions result in fast etching rates of diamond (>45 μm/h). In analogy to that, an 
increase in the Ni thickness can further positively influence the etching efficiency by prolonging the 
time period required for the sp2 carbon saturation in and around the Ni mask (Fig. 7d).  
 

 
Fig. 7. Schematic model of the catalytic etching of diamond layers accelerated by water vapor with the 
presence of Ni particles as a function of pressure, temperature, and Ni thickness. 
 

4. Conclusions  
 
In conclusion, we extended a thermochemical etching methodology for polycrystalline diamond films 
using Ni as a catalyst. The developed mechanism demonstrates that the synergistic effect of water 
vapor pressure, temperature, and Ni catalyst thickness critically influences the etching kinetics and 
profile characteristics. Under optimized conditions (atmospheric pressure, 900°C, 200 nm Ni mask 
thickness), the process achieved significant etching rates exceeding 45 μm/h while maintaining vertical 
sidewall profiles and high selectivity, effectively preserving unexposed diamond regions while 
completely removing Ni-masked areas.  
This methodology offers a viable alternative to conventional plasma-based dry etching processes, 
particularly for fabricating high-aspect-ratio structures such as deeply embedded electrodes and 
complex architectures in various applications, including diamond-based 3D dosimeters, neural 
interfaces, biosensors, and energy storage devices. The demonstrated results suggest that careful 
control of process parameters is essential for optimizing etching performance and achieving desired 
structural outcomes. 
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