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Abstract 

For the fabrication of microdevices with line widths approching 1 µm, a patterning methodology has been 
developed by the modification of an existing plasma etching process, which is suitable for any form and type of 
diamond. 

These microdevices have been tested as active sensing elements for both environmental control and 
metrological applications: voltammetric detection of chlorine, detection of atomic oxygen for space and terrestrial 
applications, the measurement of ultraviolet (UV) light, and finally, conductive atomic force microscopy (AFM) 
which is successfully performed today with microfabricated diamond tips. 
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1. Introduction 

For several years, CSEM has been active in the 
development of thin, structured and conformal 
carbon based films like amorphous carbon 
(resistivity, ρ, a-C, <3x10-3 Ωcm), diamond like 
carbon (DLC, ρ >1010Ωcm) and polycrystalline, 
boron doped diamond (ρ >0.1 Ωcm) for 
membranes, gas and thermal sensors, precision 
mechanics, either as discrete devices or as parts of 
microsystems [1,2]. 

Nevertheless, the fabrication of devices with 
functional carbon based films, especially diamond, 
requires simple adaptable and high resolution 
structuring techniques compatible with standard 
silicon technology. Up to now, diamond coatings 
could only be structured with selective area 
deposition techniques [1-5]. Line-widths down to 
2,5 µm with a pitch of 5 µm were obtained. It has be 
shown by different authors that the realisation of an 
even smaller line-width or pitch will be extremely 
difficult. The structuration of blanket diamond 
coatings by reactive ion etching (RIE) has been 
reported by several authors [1,6,7]. Unfortunately, 
heavily doped diamond (ρ 0,1 to 1Ωcm) films could 
not be successfully structured with this method up 
to now. 

The electrical conductivity and different sensor 
behaviour of boron doped diamond has been 
demonstrated. [8,9] have previously presented the 
use of conductive diamond coatings for tips in 
nanoprobe experiments. While the topography 

image of graphite samples in a contact-mode AFM 
measurement does not show structure, the 
conductivity image with a diamond coated silicon-
tip reveals the atomic periodicity of graphite. 

The functionality of boron doped diamond as an 
electrode material in electrochemical applications 
has been reported by [10,11]. It displays a wide 
water decomposition window relative to platinum 
and glassy carbon. Furthermore, due to the 
diamond’s negative temperature coefficient (NTC) 
and piezo-resistive characteristic it can be exploited 
in environmental control: thermistors in flow 
transducers[12] or as pressure gauges. 

Another property of interest is diamond’s 
optoelectrical conductivity [13]. Undoped diamond 
film UV sensors show a quantum efficiency near 1 
if exposed to UV light at less than 230nm where a 
sharp drop in electrical resistance induced over 
several decades is included. 

The Schottky diode and the MISFET behaviour 
have also been demonstrated [14-16]. Finally, 
author [17] is using a combination of Pd/i-
diamond/p-diamond as a hydrogen gas sensor in 
which the presence of hydrogen modifies the I-V 
and C-V characteristics of the device. 

2. Experimental 

2.1 Diamond film 
Diamond films are conformally grown on flat or 

structured silicon or silicon/silicon nitride substrates 
and in some cases on silicon dioxide or 
molybdenum, by the hot filament technique 
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(HFCVD) at a deposition rate of 0.3 µm/h and in 
the temperature range 760 to 870 °C. The boron 
dopant is introduced in the diamond film by in-situ 
doping during the CVD process through a tri-
methyl-boron (TMB) gas source. This HFCVD 
process produces a columnar, random textured, 
polycrystalline film with a surface dominated by 
{111} facettes giving a roughness Ra =50-70 nm for 
1 µm thick layers. The electrical conductivity is 
<0.2 Ωcm for highly doped diamond films 
representing boron doping concentration of 3’500 
ppm or 1020 atoms/cm3. 

Fig. 1. SEM picture of a fracture of a RIE structured 
boron doped diamond film  

2.2 Structuration 
The structuration of intrinsic diamond films for 

device fabrication can be done either by selected 
area deposition or by RIE [1]. However, in practice 
the selected area deposition technique has shown a 
resolution limitation of 2.5 µm line width and a 
pitch of 5 µm whereas the RIE- technique with 
oxygen showed line- and space widths of 2 µm. 
Selectively deposited diamond films can be 
obtained independent of the doping material and 
concentration. Unfortunately, boron-doped diamond 
films could not be etched up to now with a high 
selectivity with respect to the mask and to the 
desired patterning level under standard plasma 
conditions. For the fabrication of diamond 
microelectrode arrays, line-and space-widths down 
to 1µm and with high yield and reproducibility are 
necessary.  

A modified plasma etching process which is 
suitable for any form and type of diamond has been 
developed. Diamond films were first uniformly 
overcoated with a thin (about 200 nm thick), 
densified silicon dioxide film. Standard 
photolitography is performed to pattern the silicon 
dioxide coating through a dry or wet etch. The final 
plasma process for the structuration of the diamond 
film involves RIE with an oxygen plasma. In figure 
1, the underetching of the diamond film is better 
than 0.2 µm. The selectivity of the etching process 
of diamond versus silicon, silicon nitride and silicon 

dioxide is better than 50 to 1 and the diamond etch 
rate is 150 nm/min (250 W), (Figure 2). 

2.3 Device finishing 
The structured diamond films are processed 

afterwards, if necessary by applying insulating or 
passivating overlayers such as silicon dioxide, 
silicon nitride or DLC. Patterning is performed via a 
plasma process or a wet etch. For ohmic contacts on 
boron doped diamond, a TiW/Al (150/800 nm) film 
is sputtered and annealed at 420 °C. Even more 
sophisticated structures can be implemented, as for 
example the gas sensor shown in figure 3. 

3. Results and Discussion 

3.1 AFM diamond tips 
Conical or pyramidal silicon tips with a 

continuous and conformal HFCVD boron doped 
diamond coating of 100 nm thickness (the lowest to 
ensure good homogeneity) have been demonstrated 
earlier [8]. The scanning electron microscope 
(SEM) image in figure 4 shows a coated 
commercially available AFM tip (Nanosensors, D-
35578 Wetzlar-Blankenfeld) and demonstrates that 
the coverage is continuous, even for a very thin 
diamond film. It also displays the typical granular 
structure of the polycrystalline film leading to a 
roughness on the sub-100 nm scale with sharp 
edges, so that on a flat surface, high resolution 
AFM imaging can still be obtained. Pure diamond 
tips of pyramidal shape have also been 
demonstrated, fabricated by deposition in a 
micromachined mould [8]. They are formed using a 
mould with a 1 µm HFCVD diamond film in Si 
(111) pyramidal pits routinely resulting in tips with 
10 to 40 nm apex radius.  

Fig. 2. SEM picture of a RIE structured boron 
doped diamond film 

Recently, such pyramidal tips have been 
integrated with HFCVD diamond cantilevers, as 
shown in figure 5. The diamond pyramids are also 
formed by moulding in Si (111) trenches. The 
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diamond was either selectively deposited in order to 
simultaneously form the tips and cantilevers with 
the aid of a silicon dioxide mask, or structured by 
RIE as described in section 2. Finally, the silicon 
was removed by etching in KOH. Again, tip wall 
and cantilever thickness were 1 µm. The V-shaped 
cantilevers with lengths ranging from 100 to 500 
µm had spring constants from 0.1 to 10 N/m. The 
softest cantilevers had a resonance frequency of 
11±3 kHz, as predicted using literature values of the 
Young’s modulus for polycrystalline diamond, 
being 1050 GPa. Test structures showed the free-
standing diamond films to be under a compressive 

strain of 1x10-4 . A preliminary test, demonstrating 
the excellent electrical contact properties of these 
devices, has been performed. A conducting AFM 
experiment is shown in figure 6, taken on a step on 
a silicon substrate with a selectively grown boron 
doped diamond layer, as was used to fabricate the 
devices themselves. This experiment was performed 
in air at relatively low forces (∼ 10-7 N). The bright 
areas have a contact resistance of less than 1 MΩ. 
Lower contact resistances could probably be 
obtained by increasing the contact force. The 
passivated silicon substrate does not produce a 
leakage current. 
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Fig. 3. Schematic view of a gas sensor device with an integrated diamond heater 

 

3.2 Micro electrodes 
Very promising results of the enlarged voltage 
domains of carbon-based electrodes relative to 
platinum and glassy carbon have been reported 
[10]. Amorphous carbon (a-C) and boron doped 
diamond electrodes have been tested under various 
conditions. Figure 7 shows a voltammogram 
obtained with such electrodes. a-C and diamond 
have a large overpotential showing similar 
behaviour on the cathodic side, allowing the 
reduction of heavy metals before hydrogen appears.  

 

Fig.  4. Commercially available Si-tip with a boron 
doped diamond coating 

On the anodic side, diamond electrodes allow the 
direct oxidation of organic compounds like phenol 
to carbon dioxide and water without forming 
intermediates like quinones. Furthermore, the 
cathodic side allows also the polarographic 
determination of chlorine without oxygen 
formation. A further advantage of diamond is that 
its surface is less prone to surface fouling. This 
presents a major potential advantage relative to 
existing technologies where membranes are a 
prerequisite in order to control mass transfer of 
analyte to the electrode surface. 

 

Fig. 5. Self-standing Diamond cantilever with 
integrated pyramid 
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Interdigitated voltammetric diamond microelectrode 
arrays lend themselves to new applications in the 
analytical and electrochemical fields where standard 
electrodes (such as platinum) can only be used with 
membranes. For this application, very narrow line-

widths down to 1 µm are necessary. Figure 8 shows 
such an microelecrode array. The redox-cycling 
characterisation of these microelectrode arrays is 
currently underway..

 
Fig. 6. AFM images of a selective area deposited 1-µm diamond coating on silicon. Left, topography; right, 

conductivity on a 10 x 10 µm area 

 

3.3 Atomic oxygen sensor (for high vacuum and 
space applications) 

Diamond is a combustible material like graphite 
and a-C. Graphite and a-C are currently used as 
atomic oxygen sensor materials for space 
applications but have relatively high etching rates 
(some hours to some days). It is supposed that 
diamond will also be consumed by bombardment 
with atomic oxygen under space conditions but with 
a lower etching rate, and, due to this fact, will be 
used as a sensor material for longer flight missions. 
For this purpose, boron doped diamond Wheatstone 
bridge elements, such as those described in a recent 
paper [1], have been tested as an atomic oxygen 

sensor material in the ESTEC ATOX facility. The 
results are presented in Figure 9. Three separate 
devices with 10, 50 and 96 squares, representing 
about 0.75, 4.8 and 10 kΩ resistors respectively, 
have been simultaneously exposed to simulated 
atomic oxygen (AO). During exposure, 
measurements have been taken of the electrical 
resistance across the four junctions of each of the 
Wheatstone bridge devices to study the behaviour 
of the device in the presence of AO. Each device 
has four resistive sites between the junctions. 
Two of these sites are exposed to AO whereas the 
two others, opposite to the first ones, are protected 
by a silicon dioxide/nitride double-layer. 
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Fig. 7. Voltammogram of platinum, a-carbon and boron doped diamond 
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Fig. 8. Boron-doped diamond microelectrode 
array. 

This arrangement allows the effects of temperature 
to be isolated from the effects of AO on the device 
resistance. Analysis of the effects of AO on device 
resistance is complicated by the fact that each of the 
six resistance measurements (one for each arm, 
a,b,c,d, and two additional ones between the two 
branches, a+b, c+d, of the bridge) are a combination 
of parallel resistors from the directly exposed and 
masked resistive sites. To extract the data of most 
interest from the six resulting simultaneous 
equations requires algebraic manipulation leading to 
the characteristic ratio:[b+d]/[a+c]. This ratio  takes 
into consideration the relative AO and temperature 
related resistance change of the resistive sites b and 
d relative to the temperature related resistance 
changes of the sites a and c. The ratio therefore, 
always has a value greater than unity and only 
varies as a function of the AO effects on the device 
resistance. Results of this analysis technique show 
that, within the limits of experimental uncertainty 
(concerning the incremental measurement of 
cumulative AO flux), the resistance of the exposed 
resistive sites in each device increases linearly with 
AO exposure flux. In addition, there does not 
appear to be any recovery of the devices initial 
resistance after exposure which suggests that a 
limiting device lifetime may be reached under 
continued exposure to AO. 
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Fig. 9. Bulk resistivity behaviour of diamond due 
to etching in an atomic oxygen flux. 

3.4 Oxygen radical sensor (ambient air 
applications) 

The photoelectrical behaviour of doped and 
undoped, 1 µm thick diamond films has been 
evaluated. For these measurements, microdevices 
with interdigitated metallic electrodes ohmically 
contacted to diamond with different line and space 
widths have been prepared. The electrical resistivity 
of diamond changes dramatically over several 
decades if exposed to UV-light below 230 nm, 
consistent with the observation of [13]. Additional 
but smaller resistivity changes occur at higher wave 
lengths due to nitrogen or boron doping. It has been 
previously determined that the electrical 
conductivity of diamond consists of two different 
contributions the former from the bulk and the 
second from the surface. In fact, during the 
measurements, a superimposed electrically resistive 
change in the device occurred when the UV-light 
was switched on. The same measurements have 
been repeated with the Wheatstone-bridge elements 
used for the AO experiments. The phenomenon was 
also observed on the unprotected resistors but not 
on the protected (reference resistor) ones. Ref. [14] 
indicates, that diamond’s surface conductivity 
changes if exposed to ozone. Strong UV-light 
sources also produce ozone.  
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Fig. 10. Surface resistivity sensing behaviour of 
diamond in the presence of oxygen radicals, 
generated from nitric acid. 

Additional investigations are still needed in order to 
study the behaviour of diamond’s surface 
conductivity in the presence of oxygen radicals, 
such as those produced by ozone, nitric acid 
(NO/NO2) and combustion gases (NOx). Figure 10 
demonstrates the perfect reversibility of the surface 
conductivity behaviour of diamond toward oxygen 
radicals generated by nitric acid. The ambient 
relative humidity (RH) from 20 to 95 % does not 
influence the surface conductivity of diamond in 
any way. To understand this selectivity further 
analytical work will be performed. 

4. Conclusion 

An alternative to using selective area deposition 
to structure diamond coatings, is a process based on 
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a modified oxygen plasma etching (RIE). This 
newly developed method allows the structuration of 
diamond down to line- and space-widths of 1 µm 
against about 3 µm with the conventional selected 
area deposition process. This process demonstrates 
superior reliability and can be used for any form 
and type of diamond film. 

AFM silicon tips can now be conformally coated 
with a 100 nm thick boron doped diamond layer. 
Such microdevices are now commercially available. 
Mould coated, pyramidal diamond tips, having an 
apex radius of 10 to 40 nm which is 5 to 10 times 
smaller than the coated silicon tips, have been 
demonstrated. Such pyramidal mould coated 
diamond tips can be integrated in self standing 
diamond cantilevers with spring constants from 0.1 
to 10 N/m and a resonance frequency up to 10 kHz. 
They will be used for metrological applications with 
no detectable degradation. 

Due to the large overpotential relative to 
platinum, diamond electrodes provide a means of 
directly oxidising organic compounds to carbon 
dioxide without forming intermediates. Its surface 
does not show any degradation during this process. 
The polarographic determination of chlorine is 
possible without oxygen formation. 

It has been revealed that diamond is a potential 
atomic oxygen sensing device for space as well as 
for terrestrial applications. The electrical resistivity 
of boron doped diamond resistors increases linearly 
with atomic oxygen flux under vacuum conditions 
without a surface transformation which could limit 
the response or the lifetime of the device. Under 
ambient air conditions, oxygen radicals from ozone 
or nitric acid reversibly change the electrical surface 
conductivity of diamond. This sensing behaviour 
may be used for device fabrication.  
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