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ABSTRACT

Diamond-like carbon (DLC) films are widely used as protective coatings in a variety of technical
macro- and micro-applications. However, most of the widely-used coating methods are not suitable
for nanoscale applications. In this work, the method of magnetically enhanced plasma deposition
(MEPCVD) was employed for the coating of AFM probes and free-standing nanostructures with 3-
20 nm thick DLC films. The carbon bonding structure, mechanical and tribological properties of the
films as well as the anisotropy of the coatings and its effect on the shape of nanoscale features were
investigated and it is shown that the method employed produces very smooth coatings (roughness
below 0.2 nm) with a significantly lower than usual internal stress of 0.5-0.8 GPa. Wear tests of
AFM probes at a high load (1 uN) showed that the DLC coating decreases their wear rate by two
orders of magnitude. It was found that coating of free-standing nanostructures even with ultrathin

DLC films may cause their deformation due to the interface stress when the coating is asymmetric.

1. Introduction
Diamond-like carbon (DLC), a metastable alloy of graphitically (sp®) and diamond (sp) bonded
carbon atoms, often also incorporating hydrogen atoms, is known under many different names:
amorphous diamond, diamond hard carbon, tetrahedrally bonded amorphous carbon etc. The long
list of different names reflects the fact that, due to the metastable nature of this material, its

mechanical and tribological properties highly depend on the method of fabrication. Out of dozens of
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methods currently used probably the most well-known are jon-beam ' and mass selected ion beam >
deposition, vacuum arc discharge,>* sputtering,” pulsed laser ® and plasma-based " * deposition

techniques.

Due to its extreme hardness, good wear resistance, low friction, high thermal conductance, chemical
inertness and biocompatibility, DLC is widely used in science and technology as a protective
coating for mechanical parts and tools,” optical devices,'® magnetic storage disks,'"" '* biomedical

15 and solar cells.'® Coating even with a very thin layer (~1-10 nm) of DLC often results

implants
in very efficient protection of the sample surface. This property makes ultrathin DLC films a very
promising candidate for a variety of emerging applications in nanoscience and nanotechnology. The
computer industry has used DLC coatings for protection of hard disks for a long time but
applications of DLC in other micro- and nanoscale devices (e.g. MEMS and NEMS) still need to be
explored."” Many electronic and magnetic storage applications require very thin protective
coatings. For example, for head/disk interface the coating should be ~2-3 nm thick.'"'* High wear
resistance is very important for many applications of nanotools, in particular in mechanical
nanolithography, where the required pattern is created either by removing (e.g. scratching) off some

material ' or by imprinting nanoscale features on a layer of a photoresist with a sharp tip.*> %!

Recently, several research groups have reported their investigations of ultrathin DLC films
fabricated by ion beam deposition,* electron cyclotron resonance chemical vapour deposition
(ECR-CVD) * and Filtered Cathodic Vacuum Arc (FCVA) discharge 23,24 techniques. These
studies showed that DLC films can be used as a protective coating for a new generation of high-
density magnetic memory disks. It was found that, depending on the deposition method, DLC
coatings form a continuous film for thicknesses either above 2 nm (FCVA) or above 5 nm (ECR-
CVD). For continuous films, very smooth (~0.1 nm roughness) coatings can be obtained.” ** The
composite hardness and Young’s modulus of the films was found to decrease with decreasing
thickness of the films.'>** However, all these studies were performed on flat surfaces and did not

cover the properties of coated nanostructures.

One of the potential areas of applications for ultrathin carbon films is the mechanical and chemical
protection of probes for Atomic Force Microscopy (AFM). AFM is a very popular instrument for
nanoscale characterisation of material surfaces. The applications of AFM has quickly expanded in
the last 10 years, especially after the development of novel measurement modes allowing
measurement not only of the sample’s topography but also of its nanoscale chemical and physical

properties. Some of these modes (e.g. contact mode, force spectroscopy, measurements of electrical
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conductance etc.) require keeping the AFM probe in contact with the sample surface during
measurements. This causes rapid wearing of the AFM probes. The commonly used materials for
fabrication of AFM probes are crystalline Si and Si3N4 which have relatively good wear properties
but are significantly worse than that of DLC. However, AFM probes for studies of electrical
conductance or magnetic properties are usually coated with metals that have poor wear resistance. It
was demonstrated that coating of AFM probes with DLC drastically increases their wear
resistance.”® Several commercial companies (e.g. Bruker, NT-MDT, Budget Sensors, NanoWorld)

are now producing DLC-coated AFM probes.

For nanoscale applications, protective coatings should satisfy several specific requirements that
may not be very important for large-scale applications. In particular, the protective film should have
low surface roughness and cause low mechanical stress. Several popular deposition methods give
cobblestone-like coatings with the cobbles being clusters of sp> bonded carbon. The size of the
cobbles depends on the method and deposition parameters and usually is larger than 10-100 nm, %’
which does not make such films attractive for ultrathin coatings. The other major problem of DLC
coatings is their very large (up to 10 GPa) residual mechanical stress. In large-scale applications,
this induces delamination of the coatings from the surface of the substrate, while in micro- and
nanoscale applications this usually causes bending of the coated structures.® In macro applications,
the delamination can be prevented by increasing adhesion, using an intermediate buffer layers. *°
For example, a 400 nm thick sublayer of Ti gives a very effective bonding of DLC to steel *°.
However, this technique, due to the large thickness of the required buffer layer, cannot be used for
nanostructures. One of the usual methods of preventing micro/nanostructures from deformation is
rotation of the sample during coating to ensure uniform coating of all sides.* However, this method
does not work in cases of closely standing high-aspect-ratio structures, as they create shadow areas
that are not accessible for deposition. Thus methods of low-stress coating are currently of great
demand. Also, it would be beneficial to use a low temperature deposition technique, as for high-
temperature coatings the deposited carbon may form carbide with the material of the substrate. For
example, for deposition on silicon, a formation of a substantial layer of silicon carbide at the

carbon-silicon interface with the thickness of 5-10 nm has been reported.3 !

In this paper, a magnetically enhanced plasma-assisted chemical vapour deposition method was
employed to explore coating of nanostructures with DLC films of 3-30 nm in thickness. Using the
magnetic field allows achievement of longer electron path lengths thus encouraging a higher plasma
ionisation.*® This results in a higher hardness and Young’s modulus, and lower surface roughness

in comparison with the DLC films fabricated by the conventional PECVD system.” Also this
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method allows the deposition of films that stay stable and do not show any signs of delamination up
to much thicker coatings (~100 pm), thus implying a good adhesion and low internal stress of the
deposited material. We employed this method for coating of a variety of AFM probes and specially
grown free-standing nanostructures. The coatings were characterised by Raman spectroscopy as
well as electron and atomic force microscopy; elastic moduli and internal stresses of the films were

determined and wear resistance tested.

2. Experimental details

DLC films were fabricated using a process employing a magnetically enhanced plasma deposition
(MEPCVD) method described elsewhere.** In brief, the deposition was performed in a vacuum
chamber with the base pressure below 10® Torr. The samples were initially cleaned by Kr plasma
etching during 15 min. Deposition was performed using a Direct Current (DC) hydrocarbon plasma
in a linear magnetic field that was applied between the anode and cathode. Using the linear
magnetic field orthogonal to the surface of the substrate allows deposition of low stress coatings
and improvement of the smoothness of the deposited films.”> The method employed gives high-
quality DLC coatings, with a hardness above 40 GPa, on a wide_variety of substrates (steel,
ceramics, plastics) at around 100° C and can be applied up to 70 or 80 microns on these same
materials, depending on the substrate geometry. This is much thicker than typically can be achieved
by many other deposition methods (~6 pm) for example using sputtering. The fact that these thick
films do not delaminate indicated both good adhesion to the surface and low mechanical stress of
the deposited DLC films. The good adhesion of the material is due at least in part to the relatively
low deposition temperature. For such films, the coefficient of friction against dry steel was found to

be ~0.07-0.08 or as low as 0.025 against itself at a high pressure (>3GPa).

For ultrathin (3-30 nm) coatings, the parameters of the deposition process were optimised to get low
roughness and even coating. A linear magnetic field in the range of 10-200 mT was used. The
voltage applied between the anode and cathode was 1.5kV. A disassociated hydrocarbon was used

as a precursor gas and the substrate temperature was 90° C during deposition.

Thickness of the coatings was determined from transmission electron microscopy (TEM) images of
the coated AFM probes, using JEOL JEM1200EXII electron microscope with the electron beam
energy of 120 kV. This method enabled us to analyse thickness variations of the coating on the
AFM probe surface. A low dose method was employed to ensure minimal damage during

measurement.
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In total, coating of 25 silicon and silicon nitride AFM probes, produced by Budget Sensors and
Bruker, was investigated. The probes had large variations in the tip radius (3-20 nm), thickness of
cantilevers (0.45-4 ym) and spring constants (0.02-70 N/m). Deposition was performed on the
working side of the AFM probes (where the tip is located).

AFM imaging of DLC coatings and wear resistance studies were performed using a Digital
Instruments multimode scanning probe microscope equipped with a NanoScope IIIA controller.
Pseudo-3D AFM images were plotted using the WSxM software from Nanotec Electronica S.L.*

and Gwyddion sortware.*®

Raman spectroscopy was performed at two excitation wavelengths at 325nm (HeCd Kimmon
Laser) and 532nm (Renishaw Diode Laser) with a Renishaw inVia microspectrometer. For the
325nm a NUV x40 (Thorlabs) objective was used and for the 532nm a 50x Planupol 0.78NA
objective was chosen (Leica). The laser power at the sample was kept below 10mW. DLC films for
these measurements were deposited on substrates cleaved from a <100>-oriented single-crystal

silicon wafer (IDB Technologies Ltd).

Free-standing nanostructures were fabricated using the electron-beam-induced deposition (EBID)
technique described in details in our earlier paper."” For convenient handling, these structures were
grown on the tips of AFM probes. The growth was performed in the vacuum chamber of a scanning
electron microscope Hitachi 5300SE FESEM at a base vacuum of 0.01 Pa, using an electron beam
energy of 20kV and a beam current of 0.1 nA. No precursor gas was used for this purpose. It is
known that in such conditions the source of the growth material is the residual gas of hydrocarbon
molecules, which are present in the vacuum chamber of the microscope. The electron beam,
entering the sample, produces secondary electrons, which interact with hydrocarbon molecules
adsorbed on the surface of the sample. The secondary electrons decompose hydrocarbon molecules;
the lighter, volatile fraction is pumped away, while the heavier fraction is deposited on the sample
surface. The deposited material is composed of mainly amorphous carbon with a small proportion

of oxygen and hydrogen.”’

3. Results and discussion
3.1 Carbon bonding structure
The method of DLC deposition employed gave continuous, pinhole free coatings for all thicknesses

in the range of 3-80 nm used in our work. The thickness of the DLC films was determined from
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transmission electron microscopy (TEM) images, on which DLC shows clear contrast when
deposited on silicon or silicon nitride (see Fig. 1). The electron diffraction analysis of the DLC

films did not show any structure indicating that they are amorphous.

The mechanical properties of DLC films are known to depend strongly on the type of C-C bonding.
Graphitically bonded carbon (sz) is soft while the diamond-bonded carbon (sp3) is extremely hard.
Usually, the higher the sp’/sp” ratio, the closer are the mechanical properties of the DLC material to
that of diamond. However, sp> bonding is metastable compared to sp® bonding, so it needs to be
stabilised. This can be achieved by C-H bonds, so hydrogen is often deliberately added to improve
mechanical properties of DLC films.*® Apart from stabilising sp’ bonds, hydrogen also passivates
dangling bonds, reducing surface interaction and improving strain tolerance of the coating. All this
leads to a combination of low friction and high wear resistance under a wide range of sliding
contact conditions. In particular, hydrogenated DLC shows much better tribological performance

than hydrogen-free films in dry or inert atmosphere.

Raman spectroscopy is probably the most common technique for evaluation of the bonding
structure of carbon in DLC films. For hydrogenated DLC films, multi-wavelength Raman studies
usually give more reliable results than single-wavelength measurements *°. To obtain information
about the bonding structure of our samples, we measured Raman spectra for two excitation
wavelengths: ;)= 325 nm and 4,= 532 nm. Fig. 2 shows such spectra for 20 and 10 nm thick DLC
films deposited on a crystalline silicon substrate. These spectra are similar to published data for
thick plasma-deposited DLC films. Raman spectra of disordered carbons are known to be
dominated by two modes, which are usually called G (around 1580 cm™) and D (around 1350 cm™)
modes **. For the 10 nm film, an additional peak at approximately 960 cm™ can be seen in the
spectrum obtained for the excitation wavelength of 532 nm. This is the second order phonon
scattering from the silicon substrate, that can be observed due the high transparency of the film. The
D peak is related to the presence of those sp® bonds forming aromatic rings, while G peak is due to
sp® bonds of both types, chains and rings. The positions, widths and magnitudes of these peaks are
determined by the structure of the sp2 clusters which is in turn related to the sp3 content of the film.

As shown by Cui et al *°

, the dispersion of the G peak in plasma-deposited (hydrogenated) DLC is a
linear function of the total sp> content, where the total sp® content is the sum of C-C and C-H sp’

bonds, and can be described by the following empirical relation:

sp’content = —0.07 + 2.5 x Disp(G) [cm'1 /nm], where Disp(G) = IPOS(G)@E :EOS(G)@% | .
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Thus measuring positions of the G peak for two different excitation wavelengths the total sp
content in the sample can be determined. To find positions of the peaks we first removed linear
background and then fitted spectra with two Gaussian peaks (D and G). Using the formula above,
the sp’ content of 56% and 54% was obtained for 20 nm and 10 nm thick films, respectively. The

accuracy of the ‘dispersion method” as stated by Cui et al.*" is ~6%.

For ultrathin DLC films, the sp’ content usually decreases with decreasing the thickness of the film,
especially below 10nm '*?. This is believed to be due to the mechanism of the sp’-bond formation
¥ In the process of fabrication, the deposited carbon atoms first form more energetically favourable
sp® bonds, which are then bombarded by energetic ions from plasma. This bombardment provides
an additional energy required for transforming sp® bonds into sp’. Thus the surface layer of DLC
has a higher sp*/sp’ ratio than the deeper volume and so ultrathin DLC films tend to have lower

concentration of sp’ bonds than thicker films.

The same dispersion data can also be used to estimate the hydrogen content in the samples using
calibration graphs presented in Ref. *. Such analysis gives 22-26% for the hydrogen content in our

samples.
3.2 Surface roughness

Very often, the roughness of DLC films is estimated by comparing surface topography of coated
and uncoated polished silicon wafers.*' This methods works well when intrinsic roughness of the
DLS film significantly exceeds the original roughness of the polished silicon substrate. However,
for very smooth DLC films, this method becomes unreliable. We performed our roughness
measurements using mica instead of silicon. Mica is a two-dimensional material that can be easily
cleaved to obtain a very smooth (virtually atomically flat) surface, so the roughness of the coating is
defined by the roughness of the deposited layer rather than the roughness of the substrate. Fig. 3
shows AFM images of uncoated mica (a) and two coated samples with the thickness of DLC films
of 10 nm (b) and 20 nm (c). The shown sample of mica has two atomically flat areas, one of which
is just one atomic layer thicker than the other. Coated samples have clearly rougher surface. Fig. 3¢
shows height distribution diagrams for the three samples. The 20 nm film is slightly rougher than
the 10nm film with rms values of 0.18 and 0.15 nm, respectively, per 0.24x0.24 um2 area. These
results show that the employed method of deposition gives very smooth DLC coatings with

ultralow roughness.
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TEM imaging of coated AFM probes (see Fig. 4) shows that the DLC layer is smoother on the
surfaces which are oriented perpendicular to the direction of deposition (the probes’ apex in this

case) and rougher at the pyramidal sides of the probes.

3.3 Anisotropy of coating
Coating usually changes the geometry of sharp features. To study this effect, we analysed how the
DLC coating affects the radius of curvature of AFM tips and the shape of nanopillars. The radius of
curvature of the apex is an important parameter of an AFM probe because it limits the minimum
size of a surface feature that can be resolved and therefore determines spatial resolution of the
probe. Previous studies * showed that in the case of a uniform coating (the samples were rotated
during deposition) and for comparatively thick DLC films (25-280 nm) the tip radius is larger than
double thickness of the DLC layer and increases linearly with the coating thickness reaching 774
nm for a DLC film of 283 nm.

In our experiments, the samples were stationary and deposition was performed from the sharp side
of the AFM tips. Fig. 4 a-c shows TEM images of three AFM probes of slightly different shapes,
coated with DLC films with nominal thickness in the range of 7-20 nm. The coatings are thicker at
the surfaces which are orthogonal to the deposition direction. For surfaces which are parallel to the
direction of deposition the thickness of the film was ~3 times smaller than for the orthogonal
surface. It was found that the deposition rate as a function of a deposition angle 6 (with respect to
the normal to the sample plane) can be represented (see Fig. 3d) as a sum of ballistic and
homogeneous (angle independent) components:

I1=1,0.7¢c0s6+0.3), (D

where [ is the deposition rate for  =0. The first term (the ballistic component) does not change the
radius of curvature. It is the second component which is responsible for the broadening of free

standing structures and the increase of the AFM tip radius.

According to Eq. 1, if a layer of thickness d (for 8 =0) is deposited on the probe then the radius of
curvature at the tip extremity should increase as R(d ) =~ R(0)+ 0.3 . Thus, not surprisingly, in the
case of unidirectional deposition, the effect of coating on the curvature of the probe apex is much
weaker than in the case of uniform isotropic deposition. This relation describes most of our data.
However, for some very sharp probes (i.e. R(0) ~ 5 nm) we found that the coating practically did
not affect their sharpness. An example is shown in Fig. 3¢, where the coating of a sharp [R(0)=5
nm] AFM probe with a 10 nm DLC layer (at 8 =0) only slightly increased the tip’s radius of

curvature (to ~6 nm). The origin of this effect is not clear.
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We tried to improve the sharpness of coated AFM probes by removing part of the DLC coating with
Ar etching. In these experiments the probes were initially coated with a 60nm-thick layer and then
immediately ~ 70% of the coating was etched away. However, as shown in Fig. 5, the improvement

in sharpness is accompanied by a significant increase in the roughness of the coating.

Fig. 6 shows two TEM images of a nanoneedle coated with a nominally 7 nm thick DLC film. This
approximately cylindrical structure, 640 nm long and 90 nm in diameter, was grown on the apex of
an AFM probe using the EBID method."® It consists of primarily amorphous carbon with some
small percentage of hydrogen and oxygen.’’ As its composition is similar to that of the DLC film,
the coating does not show as good contrast, as on silicon. Still we could see that the coating is ~ 3
times thinner on the longer sides, which were parallel to the direction of deposition, in

correspondence with Eq. 1.

3.4 Internal stress
One of the factors seriously limiting tribological applications of DLC films is their large internal
stress (up to 10 GPa). It can be caused by a mismatch between thermal coefficients of DLC and the
substrate. However, even when the deposition process does not involve any significant heating,
there is still an intrinsic stress. This stress is believed to arise in the process of deposition as some of
the incoming energetic C ions penetrate the already deposited DLC layer causing subsurface growth
that creates a significant compressive stress in the film.>** The magnitude of the stress can be
related to the microstructure of the deposited DLC layer and depends on deposition parameters, in
particular on the kinetic energy of ions striking the DLC surface during deposition. For continuous
films (i.e. when they are thick enough for the coalescence of independently growing islands to
occur) the average macroscopic stress in DLC is independent of the film thickness.* It is known
that the internal stress of DLC can be reduced by alloying it with a variety of chemical elements
(e.g. with Si, B, Ti, Cr, Al etc. 3 8). However, such doping often deteriorates the mechanical

properties of the coating, reducing its hardness and elastic modulus.**

To determine the magnitude of residual stress we employed the previously used method based on
measurements of deformation of flexible film-substrate structures.”® For this purpose a number of
AFM probes having different stiffness were coated with DLC films. For tapping mode probes,
having comparatively thick (~4 pm) silicon cantilevers, coating with DLC films of 5-20 nm thick
did not induce any noticeable deformation. However, for much softer, contact mode probes, with

significantly thinner (0.4-0.5 pm) silicon nitride cantilevers, the deposited DLC films caused
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significant bending, as shown in Fig. 7. The direction of bending indicates that the DLC films

expand during fabrication. The magnitude of stress can be deduced from the Stoney’s formula:*

ol L. d_f(i_i} @

where E; and v, are Young’s modulus and Poisson’s ratio of the substrate, respectively; ds and d¢

are the substrate and film thickness; Ry and R are the radius of curvature of the samples,
respectively, before and after deposition. Measuring the radius of curvature after deposition and

thicknesses ds and dr from TEM images and also taking £,=285 GPa and v, =0.20 4 for silicon

nitride we calculated the stress magnitude in our DLC films to be 0.5-0.8 GPa. This is significantly
smaller than typical values of ~2.5 GPa for PECVD films deposited by a traditional method

(without magnetic field).*®

The problem of internal stress becomes even more important when DLC is used for coating of
thinner structures. As the ratio of the thickness of the DLC layer to the thickness of the substrate
increases, it becomes increasingly difficult to avoid deformation of the sample after coating. We
investigated this by coating free-standing nanostructures grown using the EBID method. The EBID
technique allows the growth of structures of different shapes and is widely used in nanofabrication.
Our earlier studies of mechanical properties of EBID-grown blades*’ and needles*® showed that
they are extraordinary flexible, capable of undergoing large deflections without inelastic
deformation. The material deposited by the EBID method is mostly composed of amorphous carbon
but has a comparatively low elastic modulus of ~ 28 GPa *’ and so traditionally it is not included
into the DLC family. Coating of such structures with a DLC film is expected to make them harder
and increase their wear resistances. However, they are prone to strain-induced deformations and we
have found that the coating must be symmetrical to balance forces produced by stress. As shown in
Fig. 6, a cylindrical structure (nanoneedle) of 90 nm in diameter stays straight after a symmetric

coating from the sharp side with a nominally 7nm-thick DLC film.

Fig. 8 shows the other extreme, when the deposition of a 10nm-thick DLC layer was performed
only on the top side of two amorphous-carbon ‘blades’ (strictly, speaking, each of the blades was
composed of two fingers, which, as can be seen in Fig. 8c, were deformed slightly differently). Eq.
2 can be used to estimate the internal stress in this case too. Using E=28 GPa and measuring the

radius of curvature R of the deformed blade from the electron microscopy image we estimated the

10
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internal stress in this case to be 0.6-0.8 GPa, which is close to the stress observed for AFM coated

probes.

Fig. 9 shows another example, where the deposition was only slightly asymmetric. The direction of
deposition was approximately at 7° to the axis of symmetry of the structure, which has the shape of
a hand with 6 fingers. The deposition caused complex deformation of the fingers, turning the

structure into something which looks like a begging (or beckoning) hand.

3.5 Mechanical properties of coatings

(a) Wear resistance
In earlier studies of wear resistance of AFM probes,*’ it was shown that the classical wear law of
Archard * does not hold at the nanoscale. Instead, the dominant mechanism is atom-by atom
attrition leading to much lower than expected wear rates. In these experiments, very small load
forces of ~1-10 nN were used. We investigated wear resistance of uncoated and DLC coated AFM
probes at rougher conditions by applying a much larger load forces (1 uN). The wear experiments
were performed using very rigid silicon tapping mode AFM probes (Budget Sensors) having elastic
constants in the range of 20-75 N/m. The probes were raster-scanned over a 1x1 pm? area on a
silicon wafer coated with a 300 nm thick thermally grown layer of SiO,. The RMS roughness of
Si0, was 2-5 nm per micrometer. The scanning rate was 100 nm/s. All wear tests were performed

in dry air atmosphere (<5% humidity) at a temperature of 21°C.

The scans were performed in the regime of constant load force of 1 uN, which was controlled by
tracking the cantilever deflection. This force is significantly larger than the tip-sample adhesion
force (<30 nN ), so any variations in the adhesion during scans could be neglected. The wear

volume was calculated from comparison of TEM images before and after the test.

During scans, information about topography of the scanned area was collected. It is known that
AFM topographical images are a product of convolution of the tip shape and real topography of the
sample and the shape of the AFM probe apex can be evaluated from these images.48 This gives a
simple means of monitoring all changes in the AFM probe shape during the wear tests. In all our
experiments we observed a gradual change in the probes’ shape, indicating that there were no

significant fractures of the probes or any coating failures.

Fig. 10 shows TEM images of three probes taken after sliding the same distance (4 mm) on SiO,.
The first probe (a) was uncoated, the second (b) coated with a 60 nm film of DLC and the third (c)

11
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first coated with a 60 nm layer of DLC and then etched by Ar plasma to remove ~70% of the
coating. From the tip images obtained in a TEM before and after the test, we estimated the wear
rates to be 4.8x10™° m?N for the uncoated probe, 3.8x 10" m*N for the coated probe and
1.8x10° m*N for the coated and then Ar etched probe. These numbers show that DLC coating
strongly (by more than two orders of magnitude) decreases the wear rate of silicon probes. It is
interesting that Ar etching increases wear resistance even further. lon bombardment of DLC films is
known to change the hydrogen content and the hybridisation state of carbon. In particular, it can
increase the concentration of sp> bonds thus increasing hardness of the DLC film,* which in turn

improves wear resistance.
b) Elastic modulus

To determine the Young’s elastic modulus of DLC films, the indentation method is usually
employed.”® In this method, a diamond tip of a known shape is pushed against the surface of the
sample and then the curve of force versus deformation during the unloading process is analysed.
This method works well for thick (>0.1 um) DLC films. However, for thinner films, the mechanical
properties of the substrate (which is usually softer than DLC) start to affect the results so, for
ultrathin DLC films, some other methods have to be used.”’ We employed the method of a
resonating cantilever, previously used by several research groups to study elastic properties of thin
films.* >**’ In this method, Young’s modulus is extracted from the difference in the resonance
frequency of an AFM cantilever before and after its coating with a DLC film. In contrast to the

4,55

method described in Refs™ °”, where cantilevers were coated uniformly from all sides, we coated

cantilevers only on one side, thus the mathematical description has to be modified.

The first mode resonant frequency of an uncoated cantilever is given by the following relation:>

_1.875° [EI

, 3
2%\ pwt @

S

where /, w, t and [ are the length, width, thickness and the second moment of inertia of the
cantilever, and p and E are the density and Young’s modulus of the material of the cantilever,
respectively. Deposition of a layer of another material on the top of the cantilever gives another
resonance frequency, which can be obtained by considering the coated cantilever as a double-layer
beam structure.”® In this case, the bending stiffness EI and density p in Eq. 3 have to be replaced by

their effective values

12
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EI=EI+E I, (4a)
— pttp,

=—, 4b
P t+1, (40)

where indices fare used for the film parameters. The thickness 7 in Eq. 3 should be replaced too by

l‘+l_‘f.

The individual moments of inertia of each of the two ‘layers’ are described, respectively, by

3
wt® wit . . .
I= 55 +witd’and I, = 1—2f +wid; , where d and dyare the distances between the centroidal axis

of the coated cantilever and the neutral axes of each of the ‘layers’. Then for the ratio of the

resonant frequencies with, £, and without, fy, the DLC film the following relation is valid:

i:\/(HEf[fJ/(prth (5)
fo EI pt

This equation can be solved numerically to extract the Young’s modulus of the film if the resonant

frequencies before and after the coating are known. For the case of ultrathin films an approximate

analytical solution can be obtained:

(LY (et )
Ef—E3tf[(f0j (1+ th 1} 6)

In our experiments we used AFM probes with comparatively thick (2-4 um) cantilevers to avoid
any bending them after coating with DLC films. To measure the cantilever’s resonant frequency, an
AFM probe was mounted within the piezo-holder of the AFM microscope and the standard auto-
tuning procedure was activated. This induced frequency sweeps in the range of 100-500 kHz during
which the resonance peak was determined. It was found that coating of the AFM probes with a 24
nm DLC film causes an increase in the resonant frequency (~180 kHz) by ~1.5%. Using 169 GPa 8
and 2.3 g/cm’ as the elastic modulus and density of silicon and 2.2 g/cm® as the density of DLC **
the Young’s modulus of the deposited ultrathin coatings was determined to be in the range of 185-

209 GPa.

4. Conclusions

In this paper, comprehensive studies of structural and mechanical properties of DLC films produced
by an MEPCVD method have been performed. It was found that ultrathin (5-20 nm) films of this
material are very smooth with ultralow intrinsic roughness. In the case of coating of high-aspect-

ratio structures, roughness is minimal on the side which is normal to the deposition direction.
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Coating usually increased the radius of curvature of sharp features, such as the AFM probe tip apex
but in some conditions this increase can be very small. Sharpening with Ar etching increases the
roughness of the DLC coating. The DLC films are stressed, which may cause mechanical
deformation of flexible nanostructures, if they are coated asymmetrically. However, the stress (0.4-

0.6 GPa) is lower than the typical values for DLC films obtained by other methods. Following the

38,39
C,

traditional classification of DL this material corresponds to hydrogenated tetrahedral

amorphous carbon films (ta-C:H) that have a low hydrogen content (22-26%), large sp> content (54-
56%) and large, for hydrogenated carbons, elastic modulus (~200 GPa). All these properties make
this material a good candidate for protective coating of nanostrucrtures. In particular, we have
demonstrated that coating of silicon AFM probes improves their wear resistance by more than 100
times. However, the significant internal stress of ultrathin DLC films can be a serious obstacle for

certain nanoscale applications.
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Figure 1 TEM image of the extremity of a silicon AFM probe coated with a DLC film. Scale bar is
100 nm.
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Figure 2 Raman spectra of 10 and 20 nm thick DLC films for excitation 532 nm
and 325 nm. Dashed lines show an example of Gaussian fit for the D and G peaks.

(Curves are shifted vertically for clarity).
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Figure 3 Pseudo 3D AFM images of (a) uncoated mica, (b) 10 nm DLC and (c) 20 nm DLC

layers. (d) Height distribution roughness diagrams for these samples.
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Figure 4 (a-c) TEM images of AFM probes coated with DLC films. (d) Normalised deposition rate

as a function of deposition angle. Scale bar is 100 nm.

Figure S TEM image of a DLC coated AFM probe after Ar ion etching that partially removed the
DLC coating. Scale bar is 100nm.
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Figure 6 TEM images of a nanoneedle coated with DLC film. The film is 7 nm thick on the apex
and ~3 nm on the sides of the nanoneedle. The arrow shows the direction of deposition. Scale bar is

100 nm.

a)

Figure 7 (a) Five silicon nitride AFM cantilevers on the same chip (MSNL, Bruker) bent after
coating them with a 9 nm thick DLC film. (b) Two silicon nitride cantilevers (Budget sensors) after

coating them with a 43 nm thick DLC film. Scale bar is 100 um.
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Figure 8 DLC coating causes bending of amorphous-carbon blades grown on an AFM tip: (a-b)
side and top view before deposition; (c) side view after deposition of a 10 nm thick DLC film. The

arrow in (a) shows the direction of deposition. Scale bar is 500 nm.

Figure 9 Even small asymmetry in the DLC coating may cause complex deformation of carbon
nanostructures. A hand-like amorphous-carbon nanostructure grown on an AFM tip:
(a-b) side and top view before deposition; (c) after deposition of a 10 nm DLC film. The arrow in

(a) shows the direction of deposition. Scale bar is 200 nm.
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Figure 10 TEM images of AFM tips after wear test: (a) uncoated, (b) DLC coated and (c) DLC

coated and Ar ion etched. Dashed lines show the original shape of the tips. Scale bar is 100 nm.
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