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1. Introduction

Atomic force microscopy (AFM) has
become an indispensable tool in nanotech-
nology, enabling high-resolution imaging
and measurement of surface properties at
the nanoscale. The performance of AFM
probes is critically dependent on the prop-
erties of the AFM tips. A typical essential
requirement for AFM tips is a combination
of mechanical robustness, chemical inert-
ness, and thermal stability to meet rigor-
ous demands of various applications.[1]

Diamond’s superior properties[2] can sig-
nificantly enhance the mechanical durabil-
ity of AFM probes, which is particularly
beneficial for prolonged use in harsh envi-
ronments and high-resolution imaging.
Additionally, diamond’s chemical inertness
makes it resistant to a wide range of corro-
sive environments, a property crucial for
AFM applications involving biological
samples and other chemically aggressive
conditions.[3] High thermal conductivity
of diamond is considered beneficial for

high-speed AFM scanning and thermal analysis applications.[4,5]

Furthermore, by using doped diamond as bulk or as coatings,
electrical conductivity of the AFM tips can be tailored to specific
applications while providing mechanical durability at the same
time. Conductive diamond tips have become essential for various
scanning probe techniques, including conductive or electro-
chemical AFM analyses.[6–9]

In previous decades, diamond AFM tips were fabricated
through various methods, including direct chemical vapor depo-
sition (CVD)[10] on Si tips,[11,12] reactive ion etching of dia-
mond,[13,14] or using micromachined molds.[15–18] However,
these approaches have two main drawbacks—1) the high-
temperature loading of the AFM tip during the CVD of diamond,
typically reaching 800 °C and 2) the complexity of the fabrication
process.

For conventional AFM measurements, optical detection
employing LED or laser beam deflection on a cantilever
probe has become the most commonly employed method.
Complementary to this, self-sensing AFM probes have been
developed to enable a direct and efficient measurement in
vacuum or environments where illumination represents an
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Doped diamond has found a commercial use for achieving durable and
reproducible electrical measurements in atomic force microscopy (AFM). Yet so
far it has not been used on self-sensing AFM probes due to thermally and
mechanically sensitive integrated detection circuits. Herein, conventional
microwave plasma chemical vapor deposition (CVD) is employed while taking
advantage of thermal conductivity along the silicon AFM cantilever probe for
growing high-quality B-doped nanocrystalline diamond film on the probe apex
that is selectively seeded by dip coating in nanodiamond solution. By investi-
gating various CVD process parameters, it is shown that the detection circuit
remains functional up to 400 °C for 2 h deposition or up to 8 h at 300 °C.
Scanning electron microscopy and Raman spectroscopy corroborate quality of
the diamond coating and doping. The self-sensing probes are successfully tested
in conductive AFM (C-AFM) regime and surface spreading resistance regime,
showing linear response in current–voltage spectroscopy and capability of
conductivity mapping on metals and semiconductor devices. In the results,
prospects for stable C-AFM measurements when conventional optical detection
is not suitable, such as on photosensitive materials or in probe-electron
microscopy, are opened.
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obstacle.[19] These probes offer a promising alternative to the con-
ventional optical AFM detection methods, for example, when an
AFM module is integrated with scanning electron microscopy
(SEM) for correlative probe-electron microscopy.[20,21] Among
the large variety of AFM modes, conductive tips are necessary
for diverse electrical modes such as conductive AFM (C-AFM),
Kelvin probe force microscopy, piezoresponse force microscopy,
surface spreading resistance microscopy (SSRM), and current–
voltage (I–V ) spectroscopy analyses. Doped diamond has already
been found to be instrumental and in demand for achieving
durable and reproducible electrical measurements in AFM.[22]

However, it has not been explored for self-sensing AFM cantile-
vers so far due to many technological obstacles. A critical chal-
lenge is the integrated metal-based detection circuit with the
Wheatstone bridge, which becomes nonconductive during the
high-temperature CVD process. Although boron-doped diamond
growth is possible at lower temperatures, it still presents several
technological challenges.[23–25]

In this work, we present a novel approach for selective apex
coating of self-sensing AFM cantilevers with boron-doped nano-
crystalline diamond (BNCD) films at reduced deposition temper-
atures. This method successfully maintains the functionality of
the integrated Al-based detection circuit while simultaneously
providing high-quality conductive BNCD film on the tip. We
demonstrate the full functionality of these self-sensing AFM
probes for various electrical AFM modes.

2. Experimental Section

Thin BNCD films were grown on conductive self-sensing silicon-
based AFM cantilevers of 2� 3mm2 (NenoProbe Conductive,
NenoVision s.r.o., Czechia). Before the CVD growth, substrates
were pretreated in a suspension of deionized water and ultra-
dispersed detonation diamond powder (ø5 nm, New Metals
and Chemicals Corp. Ltd., Kyobashi).[26]

To prevent short-circuiting of the existing Wheatstone bridge
and contacts, the conductive diamond layer was selectively depos-
ited only at the apex of the AFM probe. A selected-area deposition
utilizing selective-area seeding (i.e., nucleation) by detonation
nanodiamonds was adapted for this purpose.[27] Detonation dia-
mond powder was deposited on a tip apex by dipping the AFM
cantilever front part (≈300 μm) into a droplet containing the
seeding suspension. This procedure was accomplished by using
a custom-mademechanical dipping apparatus which consisted of
a spring-loaded holder for the AFM probe and a micrometer

screw to precisely dip the cantilever into the seeding solution.
This approach ensures accurate and reproducible deposition
of the diamond nanoparticles on the desired areas of the self-
sensing Si AFM probe.

The CVD deposition of BNCD was performed in a microwave
plasma-enhanced multimode clamshell cavity reactor system
(SEKI SDS6K, Cornes Technologies, Ltd.). The constant process
parameters were 5% CH4 of the H2/CH/TMB gas mixture (TMB:
trimethylborate), a total gas flow rate of 200 sccm, a chamber
pressure of 4 kPa (30 Torr), and a B/C ratio of 10 000 ppm.
The crucial varied parameter in our study was the substrate
temperature (Ts) due to the presence of self-sensing structures
on the Si cantilever. The Ts was measured through a side window
with a dual-wavelength pyrometer (200–600 °C, PRO 92-20-C-23,
Williamson) focused on the tip of the AFM cantilever. It was
adjusted to 300, 350, and 400 °C by microwave (MW) power 1,
2, and 3 kW, respectively. A fine Ts adjustment was achieved
by tuning the heat removal from the sample holder using ple-
num pressure. As the diamond deposition is a temperature-
controlled process,[10] the CVD growth time was fixed at 8 h
for Ts= 300 °C (sample S1), 4 h for Ts= 350 °C (sample S2),
and 2 h for Ts= 400 °C (sample S3), see Table 1.

Surface morphology of the samples was obtained by SEM
(Zeiss EVO 10). The SEM images were acquired at 10 kV at a
working distance of 10mm and magnifications 41 X to 20 kX
in the secondary electrons (SE) regime using an off-beam detec-
tor. The material and chemical composition were determined
using the confocal Raman microscope (WITec alpha300 RAS)
equipped with a green light laser (excitation wavelength
532 nm, laser power 2mW). Raman spectra were collected by
100x objective (NA 0.9) and UHTS 300 spectrometer with the
1800 gmm�1 grating. The 5min integration time was constant
for all acquisitions and the spectra were averaged from two
acquisitions. Spectra were recorded from several positions on
the AFM cantilever. Spectra were collected and processed by
WITec Control 6.1 and WITec Project 6.1 software. Electrical
characterization of the Wheatstone bridge functionality was
performed using a probe station (SM-1A, Measure Jig Co.) con-
nected to a multimeter (SMU2401, Keithley). The AFMmeasure-
ments were conducted using LiteScope AFM (NenoVision s.r.o.,
Czech Republic), designed for easy integration into SEMs,
enabling simultaneous acquisition of AFM and SEM data and
their straightforward correlation. Conductivity measurements
with a diamond tip were performed in both atmospheric and vac-
uum conditions with the biased tip.

Table 1. Table of differing growth process parameters and electrical performance of Wheatstone bridge before and after BNCD deposition on self-sensing
AFM cantilevers.

Sample Growth process parameters Electrical properties before/after BNCD growth

MW power [W] Plenum [kPa] Growth temperature [°C] Growth time [h] R1 [kΩ] R2þ R3 [kΩ] R4 [kΩ] Leakage [GΩ]

S1 1000 0.9 300 8 4.6/15.6a) 14.6/49.6a) 5.0/18.2a) >1/>1a)

S2 2000 2.0 350 4 4.2/5.7a) 11.1/17.7a) 3.7/6.9a) >1/>1a)

S3 3000 1.6 400 2 7.2/18.5a) 16.3/48.8a) 5.5/16.6a) >1/>1a)

a)Values before/after BNCD deposition.
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3. Results and Discussion

Figure 1a shows the schematic view of the experimental setup in
the plasma CVD chamber. The pyrometer field of view is 5mm
in diameter, enabling precise positioning of the beam on the
AFM probe in the CVD chamber. The scheme shows the situa-
tion where the pyrometer laser aim is directed to the tip.
Although the pyrometer collects the signal from larger area,
the most relevant contribution is from the tip which has the high-
est temperature.

The critical parameter for the successful deposition is the sub-
strate temperature Ts. For Ts> 500 °C, we observed the degrada-
tion of the Wheatstone bridge circuit. The Ts is determined by
the balance between heating from the plasma source and thermal
conduction to the cooling substrate stage. The thermal conduc-
tivity is adjusted by the independently controlled plenum pres-
sure in the cavity volume between the Cu cooling stage and
the Mo substrate holder. The pyrometer field of view is 5mm
in diameter, enabling precise positioning on the AFM probe
in the CVD chamber. It helped us identify different temperatures
on the AFM tip and body (lower by ≈ 100 °C). Such a high-
temperature gradient along the cantilever can be advantageous
for the selective area deposition.[28] The BNCD growth is thereby
initiated, and limited, on the seeded area, whereas low Ts sup-
presses the parasitic growth on the body of the AFM probe.[29]

Figure 1b shows the Wheatstone bridge circuit on the self-
sensing AFM probe. The R1 and R4 correspond to piezoresistive
(active) elements at the base of the cantilever with values of
2–10 kΩ. The R2 and R3 correspond to a reference element
on the silicon body with values of 2–10 kΩ. Changes in the resis-
tance >100 kΩ are considered as a probe malfunction. Leakage
resistance between the circuit and the tip contact is >2MΩ
(typically above GΩ), and after the deposition it should not be
<1MΩ.

Figure 2 shows representative SEM images of the AFM probe
after BNCD deposition from the perspective of the whole self-
sensing probe (Figure 2a), selective area deposition (Figure 2b),
the tip (Figure 2c), and tip apex (Figure 2d) for the CVD deposi-
tion at the highest Ts= 400 °C (sample S3). SEM analyses for the
samples S1 and S2 are shown in Figure S2, Supporting
Information.

Figure 2a shows a low magnification SEM image of the whole
AFM probe, revealing rectangular contact pads with the paths
leading to the self-sensing bridge located in the first quarter
of the cantilever. Careful inspection of the electrical contact
did not reveal any damage or short circuit caused by BNCD,
as also confirmed by the electrical measurements (Table 1).
The white area of the cantilever corresponds to the BNCD film,
exhibiting high contrast in the SE regime due to the higher sec-
ondary electron yield of diamond compared to non-diamond
material.[30] Figure 2b provides a detailed view of this area, show-
ing the morphology of the BNCD-overgrown electrical contact.
The concave profile of the BNCD film corresponds to the seeded
area, resulting from the surface tension of the water-based seed-
ing solution into which the tip was dipped.

A fully closed homogenous BNCD coating on the cantilever tip
is observed in Figure 2c. Figure 2d shows the uniform nanocrys-
talline character of the BNCD film on the tip apex of the

Figure 1. Schematic view of a) the experimental setup during the selected area diamond CVD growth and b) the Wheatstone bridge circuit of the
self-sensing AFM probe.

Figure 2. Representative SEM images of the AFM probe after BNCD depo-
sition from the perspective of a) the whole self-sensing probe, b) selective
area deposition, c) the tip, and d) tip apex for the Ts= 400 °C (sample S3).
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self-sensing probe. The entire tip area, including tip edges and
apex, is covered with the homogenous BNCD layer. Figure S1,
Supporting Information, shows the SEM cross section (cut by
Xe-plasma-focused ion beam) of the AFM tip after the BNCD
layer growth for 12 h at Ts≈ 350 °C. The cross section shows con-
formal uniform coating of the tip apex. The BNCD thickness can
be estimated to ≈500 nm. The BNCD coating thickness on the
sample S2 can be thus estimated to be about ≈150 nm, as the
deposition time was 3� shorter (4 h). We did not perform testing
of the tip diameter on a test specimen in AFM as the SEM analy-
ses provide more straightforward visual information.

Raman spectroscopy was employed to confirm the presence of
BNCD in seeded area and its absence in unseeded areas. Figure 3
shows Raman spectra of BNCD coatings from three distinctive
regions (as denoted in Figure 3a) for the samples S1–S3
(Figure 3b–d) as a function of deposition temperature and time.
The red curve represents the measurement of the BNCD on the
AFM tip, the green curve represents the measurement of the
BNCD on the cantilever adjacent to the AFM tip, and the blue
curve represents the measurement of unseeded cantilever area
(i.e., without BNCD coating). Characteristic peaks corresponding
mainly to Si substrate, diamond, and boron are identified in the
Raman spectra. The characteristic diamond peak centered at
1332 cm�1 is accompanied by the broad bands at 500 and
1220 cm�1, which correspond to the boron presence in the

BNCD.[9,23] The low wavenumber BNCD peak overlaps with
the sharp 520 cm�1 from the monocrystalline Si substrate.
The broad band at around 980 cm�1 is attributed to the second
order of silicon. Additionally, the broad band at 1470 cm�1 is typ-
ically associated with the nanocrystalline diamond band at
1130 cm�1.[24]

For all samples, the most distinct diamond peak (1332 cm�1)
is measured from the selective growth area on the cantilever
apex. The intensity of this peak decreased on the tip area, which
could indicate a reduced film thickness[31] yet most likely it is due
to Raman focus volume. Similarly, boron doping band intensity
is affected correspondingly (a fixed nominal doping level was
used for all the samples). The intensities of nanocrystalline dia-
mond bands decrease with the increasing Ts, which is consistent
with growth kinetics and temperature-dependent growth pro-
cesses. No diamond peak was detected outside the seeded area,
confirming the absence of parasitic diamond growth.

Table 1 summarizes the selected growth process parameters
and electrical characteristics of the self-sensing AFM probe
before and after the BNCD deposition. The electrical structures
ensuring the self-sensing capability degrade at temperatures
above 500 °C, particularly for extended growth process times.
After the CVD growth process, similar changes in electrical prop-
erties were observed for the S1 and S3 probes, both somewhat
higher than for S2 probe. Comparing changes for the S1 and S3

Figure 3. a) Typical optical microscope image of a cantilever with the selectively grown diamond layer with three denoted areas where Raman spectra
(532 nm excitation) were measured on the samples b) S1, c) S2, and d) S3 (growth temperature Ts= 300, 350, and 400 °C, respectively).
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probes suggests an interaction between two opposing parame-
ters: substrate temperature and deposition time. Higher sub-
strate temperature Ts is a critical parameter for the degradation
of Al metallization, while prolonged deposition times exacerbate
this effect even for temperatures below 500 °C.

The balance between all the bridge resistors is critical for self-
sensing functionality. During the self-sensing AFM measure-
ments, it must be possible to compensate the bridge offset
Voffset by leveling one of the bridge outputs. Based on the instru-
mentation amplification mechanism and bridge power supply
Vin, this creates limits for resistors balance. In our instrumenta-
tion, the conditions give us limitation Voffset≤ 0.2� Vin where
probes outside these values cannot be compensated, and hence,
rendering such self-sensing probes unusable. All samples exhib-
ited values of R1, R2, R3, and R4< 100 kΩ and resistance balance
≤0.2, and the leakage resistance >1 GΩ. Thus, they passed the
established electrical validation test before proceeding with fur-
ther assembly steps.

The BNCD-coated AFM self-sensing probes were then fixed
and wire bonded on a holder for C-AFM measurements.
Figure 4a,b shows examples of I–V curves obtained in the
C-AFM regime and SSRM regime using the S3 probe on a gold
test grid sample. The S3 probe was selected for this case study
due to its practical short deposition time and highly crystalline
yet thin coating (as evidenced by the SEM and Raman analyses),
while maintaining good self-sensing parameters. The obtained
I–V curves exhibit smooth linear profiles and without any hyster-
esis in both regimes. The contact resistance is ≈21MΩ providing
a solid foundation for C-AFM and SSRM applications.

To verify the performance, AFM scanning experiments were
conducted using standard settings: scan speed of 20 μm s�1, tip
bias voltage of 0.5 V, 1MΩ resistor in series for current surge
protection, and a force setpoint of 0.01 V (corresponding to
about 800 nN). Figure 4c shows the AFM surface topography and
C-AFM map of electrical currents on the gold test grid, obtained
by scanning the surface with the S3 probe using the aforemen-
tioned parameters. The topography map reveals a flat surface
with trenches between the square features on the test grid.
The test grid intentionally includes a 2� 2 set of middle squares
electrically isolated, clearly resolved in the C-AFM map. The con-
ductive squares exhibit an overall smooth current image at
around 20 nA with scattered low conductive (dark) dots, most
likely corresponding to scratches and impurities, consistent with
typical observations on gold test layers. This measurement dem-
onstrates successful reproducible C-AFM imaging with self-
sensing cantilevers with BNCD on the apex.

Figure 5 shows C-AFM electrical map of 3D Nand device with
polysilicon channels and nonconductive cores with 200 nm
diameter. The image was taken in SEM which was used for pre-
cise navigation to the region of interest. Scanning parameters
were scan speed of 20 μm s�1, tip bias voltage of 9 V, and a force
setpoint of 0.05 V (corresponding to about 4 μN). The C-AFM
map reveals the donut shape structure of the channels with good
lateral resolution and two different types of channels, one with a
current of 20 pA and the second with currents above 400 pA.
From the image, we could estimate the resolution in C-AFM
regime below 50 nm. The Figure S1, Supporting Information,
shows the obvious: BCND coating makes the tip diameter larger,
which may affect the AFM spatial resolution morphology and

Figure 4. I–V curves obtained in a) conductive AFM regime (C-AFM) and
b) surface spreading resistance microscopy (SSRM) regime with the
BNCD-coated S3 self-sensing probe on a gold test grid. c) AFM surface
topography and C-AFM map of electrical currents on the gold test grid,
obtained by scanning the surface with the BNCD-coated S3 self-sensing
probe. Central squares are intentionally designed as electrically insulating.

Figure 5. Microscopic C-AFMmap of electrical currents on a surface of 3D
Nand device with polysilicon channels and nonconductive cores with
200 nm diameter.
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current. But generally it will depend also on the particular type of
sample and its surface morphology. Comparison of C-AFM res-
olution with standard self-sensing tips could be done as they have
no such electrical connection. Available metal-coated self-sensing
tips do not provide sufficient robustness and durability. In our
experience, the metal coating quickly wears off in contact mode
and although some conductivity can be retained, the
current and shape are changing. Comparison would be thus
ambiguous.

4. Conclusion

The study demonstrated successful application of low-
temperature microwave plasma CVD process and selective
nanodiamond seeding for the growth of high-quality BNCD coat-
ing on the apex of self-sensing AFM probes. It was possible to
maintain the functionality of an integrated Al-based Wheatstone
detection circuit, which typically becomes nonconductive or leaky
when processed at substrate temperatures exceeding 500 °C.
Electrical characterization of the Wheatstone detection circuit
confirmed its functionality up to Ts= 400 °C within 2 h deposi-
tion time. At lower Ts values of 300 °C, the deposition time can be
prolonged up to 8 h without circuit degradation. At the same
time, SEM and Raman analyses confirmed the growth of confor-
mal, homogenous BNCD coating (up to 500 nm thickness) on
the cantilever tip at substrate temperatures as low as Ts= 300 °C.
An important role was played by the thermal conductivity effect
when the AFM cantilever tip was heated in CVD plasma consid-
erably higher (by 100 °C) than the rest of the chip. Moreover, the
low-temperature growth regime combined with the selective area
seeding effectively suppressed parasitic BNCD growth, prevent-
ing shortcuts in the self-sensing circuit. Full functionality of the
self-sensing C-AFM regime was demonstrated by local I–V spec-
troscopy and electrical current mapping on metal layers and
semiconductor nanodevices. These results open prospects for
durable conductive AFM experiments using self-sensing cantile-
vers in SEM or in general where AFM with conventional optical
detection is unsuitable such as analyses of photovoltaic, photo-
catalytic, plasmonic materials, or measurements in opaque
liquids.
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the author.
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