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A B S T R A C T   

In this paper, the fabrication process and electromechanical properties of novel atomic force microscopy probes 
utilising single-crystal boron-doped diamond are presented. The developed probes integrate scanning tips made 
of chemical vapour deposition-grown, freestanding diamond foil. The fabrication procedure was performed using 
nanomanipulation techniques combined with scanning electron microscopy and focused ion beam technologies. 
The mechanical properties of the cantilever were monitored by the measurement of thermally induced vibration 
of the cantilever after every fabrication step, allowing the mass changes in range of ng to be estimated. The 
endurance of the developed probes was tested during hundreds of topography measurements, which corresponds 
to a scanning length equal to 13.6 m, performed on a test sample in contact and lateral force microscopy modes. 
Analysis of the roughness parameters confirmed the extremely high wear resistance of the fabricated probes. The 
linear current voltage response on a highly-oriented pyrolytic graphite sample was recorded.   

1. Introduction 

In recent years, many efforts have been made to test various mate
rials and structures of so-called atomic force microscopy (AFM) canti
levers. The general aim of these investigations has been to develop 
devices with limited stiffness and a high resonance frequency inte
grating probes with a high aspect ratio and resistant against wear. In this 
context, diamond was a promising material characterised by high me
chanical durability, hardness, Young’s modulus and chemical stability 
[1]. Moreover, considering the growing need for the reliable nanoscale 
diagnostic of electrical surface properties, diamond-based tools seem to 
be very attractive especially for AFM-based nanometrology. 

In conductive atomic force microscopy (C-AFM), a biased conductive 
tip collects a current flowing from the surface. In this way, it is possible 
to image the local electrical surface properties [2]. However, the local 
resolution depends strongly on the tip properties, which can vary during 
surface scanning. It is noteworthy that cantilevers with diamond tips are 

useful for nanolithography, and on the contrary to the commercial sili
con (Si) beams, they are characterised by the increased stability of the 
field emission (FE) and reduced wear caused by the current flow [3]. 
Moreover, diamond tips do not evaporate under the current load, in 
contrast to the commercial tips coated with metal layers [4]. 

Diamond intrinsically exhibits low conductivity attributed mainly to 
C-H defects and hydrogen termination [5]. Doping of diamond with 
boron makes it possible to control and influence its electrical conduc
tivity with various carrier transport mechanisms [6]. Polycrystalline 
boron-doped diamond (BDD) reveals unique electronic properties being 
a p-type semiconductor [7] applied in electronics [8], electrochemistry 
[9–10] and microelectromechanical systems (MEMS) [11]. Its high 
conductivity, low dielectric constant and wide energy gap enables the 
efficient application of BDD to passive electronic (resistors, capacitors, 
dielectrics, passivation and protecting layers [12]) and electromechan
ical devices. 

BDD particles can be fabricated by various approaches such as ball- 
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assisted milling of high pressure high temperature (HPHT) [13] dia
mond material or alternatively chemical vapour deposition (CVD) [14], 
overgrowth of intrinsic diamond [15] and isolated single-crystal syn
thesis [16] in the CVD process. Several various works have reported CVD 
diamond applied for nanomechanical devices as tips or cantilevers [17]. 

Hoffman et al. [18] reported a H-terminated diamond-tip for field 
emission scanning probe lithography generation features with half 
pitches below 15 nm. The probe revealed enhanced mechanical per
formance along with FE stability throughout 48 h of testing. Diamond 
particles deposited by hot filament chemical vapour deposition 
(HFCVD) on regular systems such as Si tips prepared on a Si (111) 
resulted in faceted growth of spherical shapes, which were sharpened to 
achieve nanometric curvature radii. Fabricated diamond emitters can be 
capable of sustaining currents up to 450 µA with heat conductivity 
considerably better than copper. The stable electron emission can be 
explained by the negative electron affinity of diamond, which allows an 
injection of electrons from diamond at low electric fields. 

The main approach presented in the literature is the overgrowth of a 
pre-formed Si cantilever or tip by diamond film in the CVD process. 
These important works show that such devices could be applied for 
advanced investigations as electrochemical (EC) imaging [19] or con
ductivity imaging tools [20]. Such a process results in an increase in 
resonance frequencies and quality factor, while the smallest apex radius 
of 5 nm was achieved by plasma etching applying self-organised metal 
nanomasks [19]. A much larger top radius of 50 nm was reported by 
Eifert et al. [20] using focused ion beam (FIB) milling. The reported 
sputtering yields of diamond reveals values in the range of 0.07–0.09 
m3/nC [21]. Interestingly, the EC properties, thus the electronic band 
structure, may be significantly improved by FIB treatment, followed by 
EC cycling, manifesting increased electron transfer by ca. four orders of 
magnitude when compared to a pristine sample [22] and could be 
strongly affected by the milling orientation [23]. It has been already 
shown that boron is more efficiently incorporated into (111) facets than 
into (100) causing local electrical heterogeneities [24]. A similar 
methodology was applied by Olbrich et al. [2] achieving a higher aspect 
ratio of 1:7 at a curvature of 30 nm. Hu et al. [23] demonstrated that 
unique electrical and EC properties were achieved using conducting 
side-on FIB milling, resulting in a minor influence of the generation of 
defects or diamond amorphisation. 

All-diamond conductive tips were developed and reported by Arstila 
et al. [25] using BDD grown on nickel via HFCVD, and by Oesterschulze 
et al. [26] utilising deposition on nanostructured Si wafers. The former 
study reported tips with a radius of above 500 nm applicable for scan
ning spreading resistance measurements, while the latter work man
ifested curvatures of 50 nm revealing its usefulness for nanomachining 
in-plane gate GaAs/AlGaAs transistors. The oxygen-etched CVD dia
mond was utilised as a source of lateral facets (100) with a pyramidal 
geometry, which were attached to the standard Si/SiN cantilevers [27]. 
This results in a stiffness of 0.01 N/m at a force of 10-12 N for tips of apex 
radii in the range of 2–10 nm. 

Recently, authors reported on coated cantilevers using boron-doped 
nanocrystalline diamond (BD-NCD) revealing a work function of 4.65 eV 
along with a spring constant and resonance frequency of 3.2 N/m and 
35.87 kHz, respectively [28]. 

In this paper, a novel fabrication technology of Si cantilevers inte
grating BDD tips is presented. The entire process starts with CVD growth 
and isolation of free-standing single BDD crystals. Nanomanipulation 
techniques combined with the focused electron beam-induced deposi
tion (FEBID) and focused ion beam-induced deposition (FIBID) pro
cedures were applied to place the BDD crystal on a Si cantilever. FIB 
milling was used to form a tip shape of proper geometry and symmetry. 

The advantage of the proposed approach relies on the mechanical 
probe structure, which was formed by a single-crystal material 
increasing its insusceptibility against thermal drift. The high current 
densities occurring in the vicinity of the tip and therefore the increase of 
material temperature will not influence the changes in height of the 

diamond tip compared to commercially used ones. Moreover, the reli
ability of the mechanical calibration performed for such a probe was 
enhanced, which influences the accuracy of the load force definition in 
all contact AFM imaging modes. The fabricated probes were tested uti
lising measurements of the electrical resistance on a highly-oriented 
pyrolytic graphite (HOPG). The BDD tip’s insusceptibility to mechani
cal wear was proven by multiple imaging of a SiO2/Cr test structure and 
SiO2/Au topography imaging. 

2. Materials and methods 

2.1. Growth and isolation of single-crystal boron-doped diamond particle 

First, BDD film was grown using a microwave plasma enhanced 
chemical vapour deposition system (SEKI Technotron AX5400S, Japan) 
on a 1x1 cm mirror-polish Tantalum foil (Sigma-Aldrich Chemie, 0.025 
mm thick, 99.9+% metal basis). The detailed parameters of the BDD film 
synthesis were already reported elsewhere [29–30]. In this experiment, 
the growth time was set to 180 min resulting in the formation of a 
polycrystalline BDD nanosheet with a thickness of approximately 1 μm. 
Next, the BDD nanosheet was mechanically separated from the Ta sub
strate and transferred to a vessel with 10 ml of 2-propanol. The vessel 
was positioned for 20 min in an ultrasound homogeniser equipped with 
a horn-type TS 106 sonotrode (Bandelin Sonopuls HD 4200, Germany). 
A continuous operation mode with 50% amplitude was utilised to 
disintegrate the polycrystalline nanosheet to separate the single-crystal 
boron-doped diamond (SC-BDD) particles. Ultrasound treatment results 
in the formation of a wide range of single-crystal diamond particles and 
clusters with various shapes and sizes. The prepared suspension was 
dropped on a marked Si wafer and dried under room temperature con
ditions. The sample was placed in a dual beam scanning electron mi
croscopy with focused ion beam (SEM/FIB) system for imaging and 
nanomanipulation enabling selection of a specific single-crystal dia
mond and its transfer on the cantilever. 

2.2. Scanning electron microscopy and focused ion beam technology 

A dual beam SEM/FIB system (Helios NanoLab 600i) was used in the 
performed experiments. It integrated an electron beam (e-beam) column 
operating with a current and an acceleration voltage ranging from 1.3 
pA and 22 nA and from 300 V up to 30 kV, respectively. A Ga ion column 
operating with a current up to 65 nA at an acceleration voltage up to 30 
kV was used to form the BDD crystals and prepare the Si cantilever for 
the tip integration. An easy-lift nanomanipulator was utilised to select 
and place the BDD crystals on the Si cantilever. Focused electron beam- 
induced deposition (FEBID) and focused ion beam-induced deposition 
(FIBID) technology was applied to fix its position and enhance the 
electrical contact with the spring beam [31]. In this case, a gas injection 
system (GIS) introduced metalorganic precursor molecules 
(MeCpPtMe3) from the nozzle into the vicinity of the sample surface. 
The e-beam enabled the molecule decomposition forming a platinum 
carbon (Pt(C)) structure around the BDD tip. Energy dispersive spec
troscopy (EDS) was applied to monitor the composition and homoge
neity of the materials of the manufactured structure. 

2.3. Raman spectroscopy 

The investigation of the molecular composition of the electrodes was 
carried out by means of Raman spectroscopy. A Horiba LabRAM ARA
MIS Raman confocal microscope (100 × /0.95 objective, 50 μm of 
confocal aperture) equipped with a 532 nm diode-pumped solid-state 
laser was used. Spectra were recorded in a range of 200–2000 cm− 1. 

2.4. Cantilever and process metrology 

The fabrication process of the cantilever with the BDD tip was 
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characterised based on the analysis of the noise of the vibration of the 
thermomechanical structure. In this case, according to the equipartition 
theorem, a certain amount of the energy is assigned to each mode of the 
cantilever vibration at a temperature above 0 K. This energy is described 
by the equation EET = 1/2kBT , where kB is the Boltzmann constant and 
T is the temperature. Moreover, the energy associated with deflection of 
the cantilever is equal to EP = 1/2k〈x2〉 (k is the cantilever stiffness and 
〈x2〉 is the mean square deflection of the cantilever) [32–33]. Therefore, 
the cantilever stiffness of the vibrating structure can be determined by 
the formula: k = kBT

〈x2〉
. 

The measurement of the thermomechanical noise was performed 
with a SIOS Meßtechnik GmbH laser vibrometer [34] working in the 
Michelson configuration and dedicated software. The output signals 
were acquired using dedicated analogue-to-digital converter electronics. 
Investigations were undertaken in order to ensure the necessary 
repeatability and reliability of the performed thermomechanical studies. 
The spot of the interferometer laser was always focussed at the same spot 
of the cantilever back-side. In every experiment, the laser was adjusted 
to obtain analogous power of the signal reflected from the sample. 

The recorded cantilever vibration curves were analysed according to 
the procedure proposed by Riet et al. [35]. In this case, the thermo
mechanical fundamental resonance peak of the cantilever, according to 
the model of the simple harmonic oscillator (SHO), can be described by 
the equation [36–37] (1): 

ST(f ) =
2kBTf 3

0

πkQ

⎛

⎜
⎜
⎜
⎝

1
(
f 2
0 − f 2

)2
+
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Q

)2

⎞

⎟
⎟
⎟
⎠

(1) 

where: ST(f) is the power spectrum of the thermomechanical noise, f0 

– resonance frequency, Q – quality factor, and f is the vibration fre
quency. The cantilever stiffness can be determined by (2): 

k =
2kBTf 3

0

πAQ
(2) 

where: A is the fitting parameter. 
Furthermore, for the SHO model, the cantilever resonance frequency 

is described by the equation f1 = 1
2π

̅̅̅̅̅̅̅̅̅
k/m

√
, where m is the effective 

structure mass. The FIB milling of the probe leads to the change of the 
structure mass by Δm and consequently to the change of the resonance 
frequency. In this case, the resonance frequency f2 of the structure after 

the FIB process is f2 = 1
2π

̅̅̅̅̅̅̅̅̅̅̅
k

m+Δm

√

. Thus, the mass change can be calcu
lated using the formula (3): 

Δm =
k

4π2

(
(f1 − f2)(f1 + f2)

(f1⋅f2)
2

)

(3) 

The mass change was calculated for the specific resonance fre
quencies recorded in the subsequent process steps. 

2.5. Atomic force microscope investigations 

A DI3000 AFM (Digital Instruments, USA) working in ambient con
ditions (temperature 297 K, RH 34%) was utilised in the experimental 
work. The electrical performance of the conductive tip was tested using 
an AFG2021 signal generator and DMM4050 precision multimeter. The 
data processing was performed using the SPIP software from Image 
Metrology [38]. The deterioration of the tip was determined by analysis 
of the topography measurement data: Ssc (Mean Summit Curvature), 
which is the average of the principal curvature of the local maximums on 
the surface, and Sdq6 – the Area Root Mean Square Slope is the root 
mean square (RMS) value of the surface slope within the sampling area. 

An additional parameter – average slope angle (SL), which reveals 
the angle of the measured slopes of the structures – was introduced. 

Having in mind that the acquired topography map contains the infor
mation about the sample and scanning tip, this data was used to observe 
the tip deterioration, as the sample was expected to maintain its critical 
parameters. In order to determine the value, the data was manually 
extracted and calculated by the profiles analysis of the structure steps. 
An average value for all X and Y directions was calculated for each set of 
images, providing a statistical approach. It should be noted that while 
the appearance of the wear of the test structures was taken into account, 
the location of the following measurements was constantly changing. 

Our experiments were conducted using three samples: i) the assess
ment of mechanical stability was performed using a structure of a Cr 30 
nm layer deposited on a SiO2 substrate in a magnetron sputtering step; 
ii) the test of the tip’s wear was carried out using a specimen of a Au 80 
nm layer deposited on a SiO2 substrate using thermal evaporation fol
lowed by photolithography patterning of the test grid; iii) a HOPG 
sample was applied to test the electrical performance of the fabricated 
probes. 

3. Results and discussion 

3.1. Diamond tip fabrication technology 

A commercial microcantilever with a PtIr-coated Si tip (PPP-EFM, 
Nanosensors) with dimensions: 3 × 225 × 28 µm in thickness, length and 
width, respectively, and a stiffness of 3.41 N/m was selected for the 
fabrication of the probe with the SC-BDD tip. A scanning electron mi
croscope micrograph, captured with a current of 0.17nA and an accel
eration voltage of 10 kV is shown in Fig. 1a. 

The entire fabrication process consists of three steps. After every 
fabrication step, the thermomechanical noise of the structure was 
recorded using a laser vibrometer in order to describe the change of the 
device resonance frequency, thermomechanical vibration amplitude, 
quality factor, and stiffness. Based on the recorded parameters, the 
structure mass change was calculated, which described not only the 
probe properties but also the FIB milling and tip deposition processes as 
well. 

In the first step, the top of the commercial cantilever with tip was 
milled to the green dashed line depicted in Fig. 1a. The FIB process was 
performed using an ion beam with 2.5nA and 0.2nA currents at a 30 kV 
acceleration voltage. The image of the fabricated tipless structure is 
shown in Fig. 1b. After the FIB milling, the resonance frequency of the 
structure was increased to 93.7 kHz, thus its mass was reduced by 48.3 
ng. Diamond particles were placed on a Si substrate in a vacuum 
chamber of SEM (Fig. 1c). A particle over 20 μm height, similar to the tip 
shape, was selected for transfer. 

In the second step, SC-BDD was placed at the top of the tipless 
cantilever. In this procedure, an easy-lift nanomanipulator was used to 
select, pick up and transfer a SC-BDD particle to the top of the tipless 
cantilever. The FIBID procedure was applied, as described in the refer
ence [39], to contact the SC-BDD particle with the cantilever. An ion 
current of 83 pA at 30 kV was used for the Pt(C) deposition process. In 
this way, the metal concentration in the Pt(C) matrix was increased [40] 
and a better electrical contact was obtained between the SC-BDD tip and 
the conductive beam platform in comparison to the FEBID method [31]. 
Fig. 1d presents the setup in which the SC-BDD diamond particle was 
placed on the tipless cantilever using the easy-lift nanomanipulator in 
the vicinity of a GIS nozzle. The deposited crystal on the cantilever was 
separated from the nanomanipulator with the ion beam milling of 83 pA 
at a 30 kV acceleration voltage. In order to increase the strength of the 
interface layer between the tip and the cantilever platform, an addi
tional FEBID layer was deposited with an e-beam of 1.4 pA at a voltage 
of 2 kV. The deposited and contacted diamond particle is depicted in 
Fig. 1e. The mass changes were monitored based on the analysis of the 
thermomechanical vibration noise. The resonance frequency of the 
presented structure was decreased to 86.32 kHz and according to (3), 
the entire structure’s mass increased by 5.75 ng (Fig. 2, Table 1). In 
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comparison, the mass of the cone-shaped diamond particle (shape 
indicated by the lines marked in Fig. 1e) was equal to 2.40 ng. This 
twofold mass drop results from the irregular structure of the particle, 
whose outer layer is formed by a smaller diamond cluster absorbed 
electrostatically at the main SC-BDD particle (see Fig. 1e.) 

In the third step, the shape of the diamond particle was milled using a 
Ga ion beam of 83 pA at a 30 kV acceleration voltage to obtain a 
pyramid-shaped tip (see Fig. 1f). The height of the probe and the tip 
curvature were approximately 20 µm and 70 nm respectively. The per
formed FIB milling process could lead to Ga ion implantation and the 
amorphisation of the particle subsurface [41–42], which could also in
crease the electrical conductance of the SC-BDD tip. After the final FIB 
milling, the structure resonance frequency increased to 87.85 kHz which 
correlated with a mass decrease of 1.33 ng. Therefore, the mass of the 
SC-BDD particles was estimated as 4.42 ng. The applied mass estimation 
method is more accurate than geometric calculations due to the irreg
ular shape of the tip, Pt(C) deposition during the mounting process and 
undesirable Si removal during milling. However, the parameters of the 
device calculated based on the analysis of the thermomechanical noise 
are listed in Table 1. The stiffness variations are within 20% tolerance 
which corresponds with the applied methodology of the stiffness 
determination [43]. 

EDS mapping was applied to verify the cantilever composition (see 
Fig. 3). The analysis indicated the content of carbon (C, Kα = 0.277 eV), 
silicon (Si, Kα = 1.739 eV) and platinum (Pt, M = 2.048 eV). The shadow 
effect caused by the EDS detector’s location on the upper left side of 
structure occurs. In these conditions, the boron concentration was below 
the EDS sensitivity and was not detected. The high carbon content of the 
tip originates from the SC-BDD. The Si cantilever was also covered with 
a Pt-containing metal alloy. 

Fig. 3b shows a deconvoluted Raman spectrum of the SC-BDD par
ticle measured at room temperature. The Raman spectrum exhibits the 
characteristic peaks of boron-doped diamond with semi-metallic con
ductivity [44–45]: a wide band centred around 500 cm− 1 (referred to as 
boron-doped band I in this work), a band centred around 1200 cm− 1 

(referred to as boron-doped band II), and the diamond phonon line 
(1328 cm− 1; referred to as the sp3 peak), which is positioned close to the 
monocrystalline diamond position (1332.5 cm− 1). Boron-doped band I 
and boron-doped band II appear to be a signature of highly doped 

Fig. 1. Fabrication process of the microcantilever with the SC-BDD tip: (a) commercial AFM cantilever with a Si tip as a basic structure (dashed lines indicates the 
milled area of the cantilever), (b) step 1 – tipless cantilever after FIB milling, (c) BDD particles and clusters with the indicated size on Si wafer surface prepared for the 
transfer process (e-beam imaging parameters: 0.17nA, 10 kV), (d) the process of diamond particle deposition on the Si cantilever (easy-lift nanomanipulator and GIS 
nozzle are depicted; e-beam imaging parameters: 0.17 nA, 5 kV), (e) step 2 – BDD particle deposited on the cantilever (dashed lines indicates the cone-shape of tip 
after FIB milling), (f) step 3 – final FIB milling of the SC-BDD tip (tip radius approximately 70 nm). Imaging parameters for (a), (b), (e), (f) SEM pictures: 10 kV, 
0.17 nA; stage tilt angle: 45◦; scale bar: 5 µm (Attn. dashed line symbolises the FIB cutting path). 

Fig. 2. Thermomechanical noise and mass change determination recorded 
during fabrication of cantilever equipped with SC-BDD tip. 

Table 1 
Amplitude of the structure vibration A, resonance frequency fr, quality factor Q 
and stiffness k of cantilever according to the thermomechanical characteristics 
from Fig. 2.   

A [pm/ 
̅̅̅̅̅̅
Hz

√

]  
fr 
[kHz] 

Q k [N/ 
m] 

Step 0 – before silicon tip 
milling  

1.67  59.53  217.55  3.41 

Step 1 – after silicon tip milling  1.41  93.57  251.22  3.51 
Step 2 – after diamond 

deposition  
1.40  86.32  266.16  4.09 

Step 3 – after diamond 
sharpening  

1.52  87.85  268.39  3.44  
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diamond, while their origin is still debatable [46]. The boron and carbon 
isotopic shifts of the boron-doped band I are not fully consistent in order 
to assign this line to boron dimers or boron–carbon vibrations [47]. The 
relationship proposed by Mortet et al. [46] was applied for estimation of 
boron dopant concentration using Raman spectrum. It is related to the 
down-shift of the I and II boron-doping Raman band positions. There
fore, the average boron concentration of utilized here boron-doped 
diamond nanosheets was in the range of 1.0–1.60 1021 cm− 3 [48]. The 
G band line, characteristic of amorphous carbon, is also evident. A clear 
and dominant sp3 peak indicates the highly crystalline nature of the SC- 
BDD particle. It can be compared to a highly boron-doped mono
crystalline diamond synthesised by the HPHT method [49]. 

3.2. Atomic force microscope measurements 

Lateral force microscopy (LFM) measurements were performed using 
a DI3000 AFM working in ambient conditions. The performed in
vestigations allowed the topography imaging quality to be verified in 
terms of the tip-cantilever stability, which is essential in terms of the 
nanoscale measurements. In the performed experiments, the load force 
setpoint was 80 nN. 

In order to observe the quality and repeatability of the friction force 
measurements, a SiO2/Cr sample was observed in a series. Sputtered Cr 
clusters created areas of various friction revealing single grains and in
terphases between them. In this way, it was possible to observe different 
areas with a diversity of topography and friction features, which also 

identified crosstalk between the topography and friction signals. The 
observation of the grain-friction correlation of the upper and lower part 
of the image shows that the lateral signal is not influenced by the 
topography, but it reveals friction phenomena between the SC-BDD tip 
and the sample surface. It should be noticed that in some cases, grain-to- 
grain transition reveals a specific lateral force response, whereas in a 
different spot, a similar feature does not induce the friction response at 
all. Such an outcome, caused by the diversity of the surface-tip inter
action, provides excellent conditions for testing the probe in terms of the 
normal and lateral force detection stability and selectivity. 

As presented in Fig. 4, it is possible to easily distinguish 15 nm fea
tures in the area of a 2 × 2 µm scan area, proving satisfying imaging 
performance in terms of the local resolution. It should be emphasised 
that as a load force in the range of tens of nN is applied in the mea
surements, the mechanical impermanence of the probe may appear. This 
could generate various imaging artifacts related to continuous move
ment of the scanning tip against the cantilever. While no traces of me
chanical instability of the scanning tip were found, the scanning 
procedure delivered consistent data of nanometre resolution. 

Next, the patterned SiO2/Au surface was applied in order to observe 
the tip wear. In this case, it was assumed that the steep edges between 
the Au structure and the SiO2 substrate should stimulate the tip geom
etry modifications in the subsequent topography measurements. 
Therefore, a series of 1550 images with a scan area of 20 × 20 µm (which 
corresponds to approx. 13.6 m of scanning length) was taken and 
analysed. 

Fig. 3. Probe composition studies: (a) SEM micrograph of analysed area with SC-BDD tip with Si cantilever apex supported by EDS mapping (purple – silicon, blue – 
carbon, light green – platinum), and (b) deconvoluted Raman spectrum of SC-BDD particle. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 4. (a) Topography and (b) friction images recorded on a SiO2/Cr sample with a cantilever with the SC-BDD tip.  
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The profiles of the steep edges and the tip geometry were calculated 
using algorithms available in the SPIP software utilising blind recon
struction methods [50–51]. The result of the calculation performed at 
the beginning and at the end of the experiments is shown in Fig. 5(a–c). 
Next to the profile of the reconstructed tip and its 3D visualisation, the 
topography data used in this procedure is shown. The estimated tip 
radius was approx. 20 nm, and the cone angle approx. 50◦, which meets 
the demands of the majority of AFM measurements. Control of the tip 
radius by SEM imaging was abandoned due to possible contamination 
effects of the probe [52]. Deposition of a thin layer of amorphous carbon 
would affect the electrical properties of the SC BDD tip and decrease 
SPM imaging resolution. 

It should be emphasised that each measurement was performed in a 
new sample location in order to avoid the impact of the possible test 
structure modifications which could occur at a higher load force acting 
at the tip. The result of the tip reconstruction after 1550 imaging pro
cesses, which corresponded with a scanning line with a length of 
approximately 13.6 m, is shown in Fig. 5(d–f). The estimated average 
radius of the SC-BDD was 140 nm, and cone angle 140◦. It should be 
stated that due to the relatively small height of the test structures, the 
cone angle value estimation reflects mostly the tip curvature. 

It should be noticed that CVD diamond tips fabricated by Smirnov 
et al. [19] revealed comparable wear behaviour to that presented here in 
the SC-BDD structures, manifesting minor degradation of imaging res
olution after more than 80 scans (length of 30 cm during 18 h of oper
ation). Similarly, Fletcher et al. [53] reported no signs of delamination 
along with 100-fold lower wear rates of approx. 1 × 10-16 m3 N -1 m -1 

than reported for Si tips. In general, the small wear rate in diamond is 
attributed to the gradual atom-by-atom attrition at the sliding surface. 
Nanocrystalline diamond [54] also showed the effect of debris creation 
induced by the wear process, which consisted of the fractured discrete 
pieces or amorphised sections. This effect could be a cause of the 
reduction of the SC-BDD tip radius observed here. SC-BDD particles are 
predominantly terminated by H and OH groups which were to be 
removed mechanically from the diamond exposing strong C-C bonds 
along the interface [55] modifying the friction and wear. This process 
fluctuates by group re-saturation as a function of the environmental 
conditions [56] and scanning length, partially explaining the alterations 

recorded (see Fig. 5 c, f). Interestingly, FIB-fabricated nanoneedles with 
sub-micro-metre diameters could be reversibly deformed revealing high 
tensile strains (~9%) [57–59] allowing for high loading and long ex
posures to the strain as applied in the papers. Buijnsters et al. [60] 
showed that the wear rate increases by a factor of 3 when the B-doping 
level in the diamond is increased from 0.6 to 2.8 at.%. Since here 
approximately 2.5% of B dopant was used, the wear resistance of the 
boron-doped particles would be reduced. The observed initial FIB-milled 
radius drop could be attributed to both a tip crack at SCD defects or even 
planarisation of the diamond surface during sliding caused by mecha
nochemical amorphisation of the diamond. The B-B and B-C bonds, 
being weaker than C-C, could be broken during a tip run affected by the 
relatively high level of incorporation of boron. This effect was also 
supported by ab-initio simulations [61] reporting enhanced ductility of 
diamond induced by substitutional boron doping. Despite the fact of the 
observed significant change of the tip parameters, one can notice still 
satisfying surface imaging quality while the very long measurement 
series was performed. Based on the obtained data, one should emphasise 
the excellent durability and wear resistance of the fabricated probe. The 
diamond-based probes are specifically addressed to large scanning areas 
and have outstanding stability, resolving important issues in tip-based 
nanofabrication [53]. 

In order to test the electrical probe parameters, 100 current/voltage 
(I/V) curves on a HOPG sample were recorded. As shown in Fig. 6, a 
stable and linear response was obtained. The acquired data revealed 
time-stable ohmic contact. No indication of tip degradation due to 
scanning with a large load force was observed so far. However, it is 
worth to note that the surface of HOPG sample may have been partially 
chemically etched. The contact resistance of the complete circuit with 
the probe was determined to be 1450 Ohms. In addition, measurements 
of the resistance’s contribution of particular parts of the developed 
probe were carried out using precisely positioned electrodes. The chip 
(bulk part of the probe, providing support for the cantilever, shown 
partially in the lower part of Fig. 1d) and cantilever were taken into 
account. The obtained data allowed the resistances of 20 Ohms and 200 
Ohms, respectively, to be determined. In this case, the low resistivity of 
the probe should be attributed to the SC-BDD tip and its proper 
mounting at the cantilever tip. 

Fig. 5. (a) Topography of patterned SiO2/Au sample, (b) 3D image of the tip reconstruction, (c) cross-section of reconstructed SC-BDD tip and its parameters 
performed at the beginning of the experiment, and (d), (e), (f) at the end of the experiment, respectively. 
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In general, in order to obtain a conductive SCD tip, it is required to 
implant boron into the bulk HPHT crystal [62] or to apply in-situ doping 
in the CVD process [63]. Nevertheless, implanted solid diamonds are too 
heavy and blunted, limiting their resolution. Wolf et al. [62] reported 
6.5 kOhm serial resistances attributed to the diamond tip. HFCVD- 
grown polycrystalline BDD pyramid tips manifested much lower re
sistivity values in the order of 10− 3 Ohm cm as reported by Malave et al. 
[63]. Such an approach also resulted in a radius of 30 nm. Here, the SC- 
BDD particle tip revealed a serial resistance of 1 kOhm, corresponding to 
0.01 Ohm cm [30] since the crystal was isolated from the top surface of 
delaminated free-standing diamond foil. The corresponding crystal re
sistivity is one order of magnitude larger than those reported by Malave 
et al. [63], while single-crystal diamond was utilised as a tip limiting the 
conduction pathways generated by inter-grain sp2-rich regions. It should 
be noted that the approach presented here allows the effect of boron 
incorporation suppression in the early growth phases caused by surface- 
adsorbed or residual oxygen to be avoided [64]. Oxygen starts to form 
both stable B-O compounds exhausted from the chamber and to create 
non-conductive BxOy impurities in the diamond structure. Next, Tsig
kourakos et al. [65] also revealed the important role of an interface 
seeded and nucleated by undoped nanodiamond particles, where they 
evidently impact the resistance resulting in an increase of more than one 
order of magnitude to 1010 Ohm depending on the seeding density [66]. 
Here, the undesirable result was avoided by isolating the SC-BDD par
ticle from the top surface of the foil [67]. The boron-doped seeds could 

also be applied, resulting in a resistance in the range of 107 Ohm [66]. 
After the electrical measurements, the wear tests were resumed using 

a SiO2/Au sample. In order to evaluate and quantify the obtained results, 
Ssc, Sdq6 and SL statistical descriptors were calculated. An example 
profile of the steep edge of the structure is shown in Fig. 7a. After sta
tistical processing of the abovementioned measurements, the summary 
of the used descriptors as a function of the following measurements were 
compared to each other in terms of the appearance of specific trends. 

The obtained comparison is displayed in Fig. 7b. The graph reveals 
very stable values of the Ssc, Sdq6 and SL parameters during the first 280 
measurements. The total scanning length of the SC-BDD tip until the 
imaging quality drop shown in Fig. 7b was estimated to 0.82 m. It should 
be underlined that the electrical evaluation was performed in approxi
mately the middle of that stage, when 150 topography measurements 
showed no deterioration of the imaging quality. The measurements 
following the electrical evaluation presented no significant deterioration 
of the tip shape and its imaging quality until the drop point, which was 
marked on Fig. 7b. 

The specific drop of the scanning tip parameters was indicated by all 
utilised statistical descriptors. The measurement was continued in order 
to detect any further events in the degradation process. Yet, no addi
tional changes occurred and all parameters showed considerable sta
bility until the measurement number reached 1550. The total travel 
length of the scanning tip was more than 13.6 m. Concerning the 
observed single image quality drop event, it was assumed to be caused 
by a sudden tip deterioration (crack-related damage due to a large load 
force applied to the probe). Therefore, tip shape reconstruction was 
performed in order to detect the assumed apex radius increase (see 
Fig. 5f). 

The summarized overview of properties of diamond-based cantile
vers are listed in the Table 2. The unique SC-BDD-based probe design is 
based on high-quality conductive single-crystal diamond particle grown 
by CVD delivering high in-situ doping concentration material, which is 
not defected by implantation or contaminated by metal impurities uti
lized as catalyst during HPHT synthesis. Such a design showed insus
ceptibility against thermal drift and reliability of the mechanical 
calibration tuned directly by FIB milling. It also not suffer from poly
crystalline multifaceted nature of boron-dopant heterogeneities 
revealing various electronic behaviour [24]. Finally, the designed SC- 
BDD tip with Si cantilever revealed the resonance frequency of 86.32 
kHz and stiffness of 3.44 N/m, for high-resolution imaging or force 
modulation measurements, while commercial probes offer much larger 
spring constants mostly in the range ~ 70–80 N/m and resonance fre
quency of 200 kHz-400 kHz exhibiting limited sensitivity [70–71]. 

Fig. 6. Series of I/V curves of 100 voltage scans of HOPG sample recorded by 
cantilever equipped with a SC-BDD tip. (Every line corresponds to the first 
dataset averaged from the series of ten measurements). 

Fig. 7. (a) Example of the test structure’s profile used for slope angle determination (SL parameter). (b) Surface quality of the surface imaging recorded using a 
cantilever with the BDD tip described using the statistical surface parameters: Ssc, Sdq6 and SL. 
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4. Conclusions 

SC-BDD particles grown by the microwave plasma enhanced chem
ical vapour deposition method and mechanically separated from the 
substrate were used to fabricate microcantilever tips for AFM. The dia
mond tip fabrication process was performed in the vacuum chamber of a 
SEM/FIB system. In conclusion, three crucial steps were featured: 
cantilever preparation for deposition and milling a Si tip with FIB, 
deposition of SC-BDD particle on the tipless cantilever by FIBID/FEBID 
technology, formation of the diamond particle into a tip shaped struc
ture with a nanometre curvature radius using FIB. The mass of the 
diamond tip after the three-step-process was equal to 4.42 ng. The 
cantilever was tested in LFM-AFM measurements with a load force of 
approximately 80 nN. Next, 1550 tests of SiO2/Au topography were 
performed to verify the wear resistance of the diamond due to strong C-C 
bonds. Conductivity measurements on a HOPG sample were performed 
to indicate the contact resistance of 1450 Ohms of SC-BDD. After the 
tests, a curvature radius decrease was observed from 20 nm to 140 nm. 

Future experiments will involve diamond probe interaction with FIB 
and quantitative research of dopants and/or defects in diamond. Due to 
the wear resistance properties of diamond tip, further applications could 
be extended to nanoscratching and nanolithography. A similar SEM/FIB 
method of fabrication might be applied to deposit a microcantilever tip 
of a different material. 
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