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Comparison of Casimir forces and electrostatics from conductive SiC-Si/C and Ru surfaces
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Comprehensive knowledge of Casimir forces and associated electrostatics from conductive SiC and Ru
surfaces can be essential in diverse areas ranging from micro/nanodevice operation in harsh environments to
multilayer coatings in advanced lithography technologies. Hence, the Casimir force was measured between
an Au-coated microsphere and N-doped SiC samples with Si- and C-terminated faces, and the results were
compared with the measurements using the same microsphere and a metallic Ruthenium surface. Electrostatic
calibration showed that the Si- and C-faces behave differently with a nearly ~0.6-0.7 V difference in the
contact potentials V,/C. We attribute this to a higher incorporation of N on the C-terminated face in the near
surface region resulting in the formation of NOy and an increased work function compared to the Si-terminated
surface, which is in agreement with x-ray photoelectron spectroscopy data. Notably, the contact potential of the
SiC-C face (VOC ~ 0.1 V) was closer to the metallic Ru-Au system (V" ~ 0.05 V). However, the measured
optical properties of the SiC-Si/C terminated surfaces with ellipsometry did not show any substantial differences
indicating that the effective depth of the Si/C terminating surface layers are significantly smaller than the photon
penetration depth not leading to any differences in the calculated forces via Lifshitz theory. Nonetheless, the
measured Casimir forces, after compensation of the electrostatics contributions, showed differences between the
Si/C faces, whereas the comparison with the Lifshitz theory prediction shows better agreement for the SiC-Si
face. Finally, comparison of the Casimir forces below 40 nm separations between the SiC-Si/C and Ru surfaces
indicated that the short-range roughness effects on the Casimir force increase in magnitude with increasing
metallic behavior of the plate surface. Therefore, not only the material optical properties but also the conductive
state and roughness of the surface layers must be carefully taken into account in short range Casimir interactions

between more complex dielectric materials.
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I. INTRODUCTION

Nowadays, the Casimir force that originates from the per-
turbation of electromagnetic vacuum fluctuations is still a
topic of relentless research [1-21], though its proposition in
1948 by the Dutch physicist Hendrik Casimir almost dates
back 70 years [1]. The interest stems from a multitude of
research fields ranging from fundamental physics in search of
new forces beyond the standard model to micro/nanodevices
for technology applications [2—6]. Lifshitz and coworkers in
the 1950s [7,8] considered the general case of flat dielec-
tric plates by exploiting the fluctuation-dissipation theorem,
which relates the dissipative properties of the plates (due
to optical absorption by many microscopic dipoles) and the
resulting electromagnetic fluctuations. The theory describes
the attractive interaction due to quantum fluctuations for all
separations covering both the Casimir (long-range) and van
der Waals (short-range) regimes [2-9]. As devices enter the
submicron range within the realm of nanoelectromechanical
systems, a deep understanding of Casimir forces at nanoscale
separations between real materials is inevitable.

The dependence of the Casimir force on the type of
material is an important topic since, in principle, one can
tailor the force by a suitable choice of materials [6,8,10-21].
In this sense, silicon-based semiconductors appear as a
promising choice since the materials properties can be
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modified and controlled allowing also the tuning of the
Casimir interactions [6,21]. Different doping and charge car-
rier densities in semiconductors can change the Casimir force
[10]. However, in microelectromechanical systems applica-
tions for industry, e.g., automotive and space technologies
[22-24], the microsensors are required to operate in harsh
environments. Because the latter can be a challenge for Si-
based sensing devices, silicon carbide (SiC) is considered
an excellent substitute for Si due to its outstanding proper-
ties if attributes such as high durability combined with high
stiffness and low thermal expansion are necessary. SiC is
currently also utilized for precise instrumentation frames and
mirrors, and additionally, there is the possibility for usage in
macro/nano assembly technologies via direct (optical) bond-
ing concepts [25-27]. In addition, because SiC exhibits high
hardness, chemical inertness, and ability to survive opera-
tion at high temperatures and harsh environments, it is well
suited to be used as protective coating of micromachined
parts.

SiC is a material that exhibits strong polytypism. All poly-
types have identical planar arrangement, while their difference
lies in the stacking of the planes so that the difference in the
stacking periodicity of similar planes results in different types
of polytypes (=250). The relatively low residual stress level
in the layers, the high stiffness, and the excellent etch-stop
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properties allow even the fabrication of free standing SiC
microstructures via standard Si bulk micromachining tech-
niques [25-27].The terminating layers of SiC can be either
Si or C and that might alter the associated Casimir interaction
for this material in potential applications, taking also the as-
sociated electrostatic characteristics (e.g., contact potentials)
into consideration. Although Casimir force measurements on
Si-terminated nitrogen doped SiC have been performed in the
sphere-plate geometry, which gave reasonable agreement with
predictions of the Lifshitz theory, [28] the effect of the surface
termination layer has remained so far unexplored.

Therefore, measurements and analysis of the Casimir
forces at short ranges (<100 nm) from both Si/C faces are nec-
essary to gauge the effect of the surface termination on both
the Casimir force and the associated surface electrostatics. In
order to minimize charging and electrostatic effects, since SiC
is insulating, our measurements were performed on highly
doped conductive SiC samples. Moreover, any roughness
on the termination layers of the SiC and/or on the colloid
probe can have significant influence on the Casimir forces,
as studies for metal coatings [29-34] have shown, whereas its
magnitude in relation to the conductivity of a dielectric system
still remains unexplored. In fact, increasing the minimum
separation between interacting surfaces from zero, for an ideal
smooth system, to dg (distance upon contact due to roughness)
for a rough system between the mean average planes of the
interacting surfaces could prevent the Casimir force to induce
stiction in actuating systems [30,35—37]. On the other hand, in
direct bonding applications, the strong Casimir force between
relatively smooth surfaces (dy < 2-3 nm) would be highly
beneficial [16]. The aforementioned brought us to investigate
also the effect of surface roughness from the different faces
of SiC on the Casimir force, and compare the forces to
those of thin film ruthenium (Ru) surfaces with comparable
smoothness to that of SiC. The chosen Ru surfaces, which
are relatively resistant to oxidation and are heavily used
in multilayer coatings for mirrors in advanced lithography
technologies [21], allow one to evaluate the relative effect
of material conductivity changes at short interaction ranges,
where the roughness effects are manifested as deviations from
the Lifshitz theory predictions for flat surfaces.

II. OPTICAL CHARACTERIZATION
OF SiC AND Ru SAMPLES

Conductive nitrogen (N)-doped SiC with distinguished
Si- and C-terminated faces were provided from Norstel AB
[38] fabricated using the hot-wall technique. The Ru sam-
ples were obtained from the Industrial Focus Group XUV
Optics, University of Twente, The Netherlands. Because the
Casimir force is strongly influenced by the optical properties
of the interacting bodies [39,40] we measured the optical
properties of all the samples under study. Therefore, we
performed Ellipsometry measurements in a wide range of
frequencies using the J.A Woollam Co., Inc. ellipsometers
VUV-VASE (0.5-9.34 eV) and IR-VASE (0.03-0.5 eV) at
three different incident angles (55°, 65°, 75°) for SiC, and
(70°, 75°, 80°) for Ru with respect to the sample surface.
The optical data were analyzed as in Ref. [41], and subse-
quently the frequency dependent dielectric function &(w) was
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FIG. 1. Dielectric function of SiC-Si, SiC-C and Ru at imag-
inary frequencies, which were calculated using the Drude model
to extrapolate at low frequencies. The inset shows that there is a
small difference in the calculated dielectric function for the SiC-Si/C
terminated layers. The upper right inset shows the imaginary part of
the frequency dependent dielectric function.

obtained. The latter allows calculation of the dielectric func-
tion €(i¢) at imaginary frequencies ¢{ (see Fig. 1 and Ap-
pendix), which is the necessary input for the Casimir force
predictions via the Lifshitz theory.

Moreover, for the Casimir force calculations using the Lif-
shitz theory in the frequency range that is not covered by the
experimental optical data, the Drude model was used to ex-
trapolate at low frequencies (see Appendix) [42]. After fitting
the optical data, the Drude parameters, namely, the plasma
and relaxation frequencies (wp, w;) were (0.138 £0.008 eV,
0.074 £ 0.001 eV) for the SiC-Si face, (0.156 £ 0.008 eV,
0.078 &+ 0.001 eV) for the SiC-C face, and (5.98 £ 0.07 eV,
0.09 £ 0.002 eV) for the Ru, respectively. From the plasma
frequency wp we can estimate the concentration of conduction
carriers N, = m*a)ﬁ /4me? in SiC, if the effective carrier mass
m™* is close to the mass of the free electrons. The estimated N,
for SiC-Si, SiC-C, and Ru were ~1.4 x10"cm™3 (which is
similar to the value for the SiC samples in our previous studies
[28]), ~1.8 x10"%cm™ and ~2.6 x10*2cm™3, respectively.
The phonon polariton absorption peak for SiC, which is due to
the absorption of infrared light by transverse optical phonon
modes, was slightly higher for the SiC-Si face as compared
to that of the SiC-C face. However, the difference between
the dielectric function of the SiC-Si/C surfaces is negligible
(see Fig. 1) implying that the calculated Casimir force via
Lifshitz theory will not show any significant variation. This
is because the penetration depth (skin effect) of the photons
during ellipsometric measurements, which give the averaged
value for e(w) within this depth, is not sensitive enough to
capture the influence of the Si/C surface termination layers.

III. DIRECT AND INVERSE ATOMIC FORCE
MICROSCOPY MORPHOLOGY MEASUREMENTS

The morphology of the surfaces of all samples was mea-
sured using a Bruker Multimode 8 atomic force microscope
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FIG. 2. The topography (3D height images) of (a) Ruthenium, (b) SiC-C face, (c) SiC-Si face and (d) the Au coated sphere. The inverse
AFM image of the sphere shows a repeated pattern since the same contact area of the sphere is scanned by multiple sharp tips. (e) Height
distribution of the three samples which yields from its positive width the maximum contribution d,, ,;; to the separation upon contact. The C
face is only chemically polished and contains several scratches. (f) Height distribution of the sphere as obtained by inverse AFM.

(AFM) operated in tapping mode to minimize the surface
damage by the AFM tip. Figure 2 shows the AFM topography
of the SiC-Si/C and Ru surfaces. The root-mean-square (rms)
roughness was measured over a scan area of 1 x 1 Mmz,
which is comparable to the effective Casimir force interaction
area ~mdR in the sphere-plate geometry (for sphere radius
R ~ 10 um and separations d < 100 nm). The topography
analysis yielded for the SiC-Si, SiC-C, and Ru surfaces
wsic—Si = 0.22 nm, wsic—c = 1.02 nm, and WRy = 0.45 nm,
respectively. Therefore, the surfaces of all samples are smooth
enough (w < 1nm) to give only limited contribution to the
separation upon contact between the sample and sphere sur-
faces, which is mainly limited by the roughness of the sphere.

Furthermore, in order to measure the Casimir force in
the sphere-plane geometry, a borosilicate sphere with radius

R =10.1£0.6 um was glued to the end of a tipless can-
tilever. The spheres were coated with Au using a Cressington
208 HR Sputter Coater. The sample stage in the coater can
be rotated allowing coating of the spheres with homoge-
nous thickness Au films which ensure electrical contact with
the rest of the cantilever. The latter is necessary for the
electrostatic calibration of the force measuring system (see
Supplemental Material). The topography of the sphere is
imaged using the so-called reverse AFM (see Fig. 2), where
the sphere is scanned on top of a grid with inverted sharp
tips (TGT1 grating from NT-MDT Spectrum Instruments,
[43]). This was performed in order to obtain topography
information of the sphere surface as close as possible to the
real interaction area between sphere-plate during the force
measurements.
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Indeed, as it is shown in Fig. 2, the sphere is considerably
rougher than the planar SiC and Ru samples. Hence, the
roughness of the sphere yields the dominant contribution to
limit the force measurement at separations do ~ dosph + dopit
[16] with dopn and dopi; the maximum positive full widths due
to the highest peaks in the height histograms (negative widths
in the histograms correspond to valleys) (e.g., see Fig. 2 for
the sphere) for both the sphere surfaces and planar samples,
respectively. These estimations yielded a maximum distance
upon contact dy for the Au/SiC-Si, Au/SiC-C, and Au/Ru
interacting surfaces with values 30.8 &= 2 nm, 31.2 &= 2.1 nm
and 35 4 2.3 nm, respectively. However, because dogpn >
dop1t, the actual separation distance is more likely to be dy ~
dosph + wpie With wpy, the rms surface roughness of the sample
surfaces. The latter yields for the actual distance upon contact
dy between surfaces the values 30.2, 31.0, and 30.5 nm for the
Au/SiC-Si, Au/SiC-C, and Au/Ru systems, respectively.

IV. ELECTROSTATIC AND XPS ANALYSIS
OF MATERIAL SURFACES

The measurement of the electrostatic force between the
sphere and the plate is crucial for the precise measurement
of the actual Casimir force. This is because one obtains from
these measurements the contact potential V,, between the two
interacting bodies, and more accurate values for the cantilever
spring constant than those obtained from noise measurements
(see Supplemental Material) [30]. The knowledge of V, is
necessary in order to apply potential compensation during
the force measurements and minimize the electrostatic con-
tributions on the measured force besides that of the genuine
Casimir force. Hence, in order to obtain the contact potential,
we applied various voltages V between the sphere and plate
in the range [—3 V, 3 V]. The potential was applied to the
sample with the tip grounded, while the tests with inverse
polarity gave similar results. From the measurements of the
electrostatic forces at larger separations (=100nm), where
the Casimir force plays a negligible role (by comparing to
Casimir force predictions using Lifshitz theory for the size
of the spheres used for the force measurements), we assigned
the contact potential V,, to the minimum of the cantilever
deflection versus applied voltage V.

The contact potential V, (typically <1 V) always exists be-
tween two dissimilar conductive materials (even between the
same material prepared under different conditions), which are
in thermal equilibrium, due to differences in work functions
[31]. From the electrostatic force measurements in Fig. 3,
we obtained a considerable difference between the mea-
sured contact potential V, for the Au/SiC-Si (V5! ~ —0.7 to
—0.8 V) and Au/SiC-C (VOC ~ —0.1 V) interacting surfaces.
For V! similar values were also found in our previous studies
of Si-terminated (with comparable doping) SiC samples [28].
The measured contact potential for Au/Ru is VORu =0.05Vin
our setup. The contact potential difference AV, = V! — V©
~ — (0.6-0.7 V) between the Si/C-faces is significant even
when taking into account that the C face is relatively rougher
than the Si face, and only chemically polished. However, be-
sides trapped charges and any patch potentials (areas with dif-
ferent surface potential) caused by roughness, the electrostatic
difference AV, between the two SiC faces has to be attributed
to other reasons.
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FIG. 3. Cantilever deflection versus applied voltage in the range
[—3 V, 3 V]. The contact potential V, is assigned at the minimum of
the cantilever deflection: (a) Au/SiC-C, and (b) Au/SiC-Si systems.
The different curves correspond to different sphere-plate separations
in the range >100 nm where the Casimir force has negligible contri-
bution. The lines are only a guide for the eye.

Since the contact potential is linked to the work function
difference between the two materials involved for the contact
potential measurement and the work function consists of a
bulk and surface part [44], the obtained contact potential
difference between the Si and C face of SiC can be mainly
explained by the difference of the status of the respective
surface. In other words, because the bulk part of the work
function is the same for the Si and C face the surface part
of the work function must differ. According to the measured
contact potential values, the surface part of the work function
of the Si-terminated surface is by 0.6—-0.7 V lower than the
one of the C-terminated surface. This has to be related to
differences in the chemical environment of the atoms present
at the surface (and perhaps subsurface region) as well as
the concentration of the types of atoms at the surface and
subsurface region. Importantly, one has to consider that the
above measurements were conducted under ambient condi-
tions. This implies that oxidation of the surface needs to be
taken into account when looking for an adequate explanation
of the obtained data.
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FIG. 4. Comparison of XPS spectra for the Si- and C-face of SiC. (a)—(c) Si 2p, (d)-(f) C 1s, (g)—(@{) N 1s and (j)—(1) O 1s core level
spectra. The peak assignment is detailed in Table SM2 in the Supplemental Material.

To obtain information on the types of different chemical
species and their relative amounts present at the (sub)surface
regions at the Si and C faces of SiC and with this to present an
explanation of the observed contact potential differences, we
conducted x-ray photoelectron spectroscopy (XPS) measure-
ments (Fig. 4, see also in Supplemental Material Fig. SM1 and
Tables SM1 and SM2). The XPS data show that the chemical
environment for C, N, O, and Si is different on the Si and C
faces [45]. Besides the expected higher amount of C and Si
on the C and Si faces, respectively, the XPS results indicate
that the amount of N (the dopant of the SiC samples) as well
as O (due to oxidation at ambient conditions) is noticeably
higher on the C face (see Supplemental Material Fig. SM1 and
Tables SM1 and SM2). It should be noted that only a relative
comparison of the amount of N and O on the two different
sample surfaces is possible and that we did not perform an
absolute quantification. The higher amount of nitrogen is
based on the model that N prefers to occupy a C site because
of the similarities in the covalent radii between the C and N
atoms (covalent radius: Si: 0.110 nm, C: 0.077 nm, and N:
0.075 nm) [46]. Moreover, Si-N bonds are energetically more
favorable than C-N ones so that N should rather incorporate in
the C planes within SiC making more Si-N bonds compared
to Si-C ones. The higher amount of oxygen means that the
oxidation of the C face of 4H SiC proceeds much easier and
faster compared to the Si face [33]. This can be on the one
side explained by the difference in electronegativity of Si and
C atoms when bound with O atoms (e.g., difference in Pauling

electronegativity is AXcs; = Xc — Xs; & 0.65) [47]. On the
other side, and that is most likely the more relevant factor for
the stronger oxidation of the C face, the increased presence
of N on the C face will result in a higher amount of NOy
compared to the Si face and thus, an overall higher amount
of oxidation of the C face.

From previous investigations for adsorption of NO on
a metal surface [48], it turned out that the work function
increases compared to the bare metal surface. This is assigned
to the dipole moment of NO (N being positively charged and
O negatively) and the fact that NO binds with its N atom
adsorbed on the metal surface. Transferring this knowledge
to our system leads to the conclusion that a larger amount
of NOy at the surface should also result in a higher work
function, which is indeed what we obtained from the contact
potential measurements.

The electrostatic findings for the contact potential of SiC
generated further interest to perform a microscopic analysis
of the SiC surfaces via electric and Kelvin probe force mi-
croscopy (EFM / KPFM) as shown in Fig. 5 [34]. Using EFM,
one can measure electric field gradient distributions above the
sample surface. It is also used to identify trapped charges and
more importantly provide an electric polarization map of the
sample surface. For EFM measurements the phase shift signal
(~electric field gradient) is usually measured [35]. On the
other hand, KPFM shows the local variation of the work func-
tion of materials, and it has been also previously used for this
purpose in Casimir research [49]. However, KPFM images
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FIG. 5. (a) Height and (b) Potential profiles of the SiC-Si face from KPFM measurements. The EFM images of the SiC-Si face are also
shown with an applied potential of 2 volts (c) and —0.5 volts (d) between the sample and the tip.

can change with adsorption layers like water, oxide layers,
electrostatic charges, dopant concentration, and/or surface
dipole moments [35]. Hence, we measured with KPFM the
surface potential distribution over a scan area of 1 x 1 um?
for the three different samples [Fig. 5(a)]. For the SiC-C and
Ru samples, the potential scale of the KPFM measurements
did not match with the measured contact potential Vy from
the electrostatic calibration, while the SiC-Si face shows a
relatively comparable scale variation with the measured V.
Moreover, after performing EFM measurements, the SiC-Si
face responded to the applied bias potential [Fig. 5(b)]. In
fact, by changing the applied DC bias potential from 2 V to
—0.5 V bright regions became darker and vice versa indi-
cating the presence of surface charges. The EFM and KPFM
results show that the surface of the SiC-Si face is electrically
different from those of the SiC-C and Ru samples (see in
Supplemental Material Fig. SM2) deviating from a metallic
behavior, as it was also concluded from the obtained contact
potentials via electrostatic calibration.

V. CASIMIR FORCE ANALYSIS

In order to calculate the force from experimentally ob-
tained cantilever deflection data, the electrostatic calibration
[30] of the cantilever-sphere spring constant was performed,
which yielded k = 1.83 &£ 0.02 N/m (see Supplemental Mate-
rial) [36]. Moreover, the contribution of the separation depen-
dent repulsive hydrodynamic drag force in the thin gap be-
tween sphere-plate surfaces is negligible. Indeed, this force is
given by the expression [37] Fj(z) = —(6JT[,LR2/Z)(dZ/dt)f*,
where p is the dynamic viscosity of the surrounding fluid (e.g.,
w A 1.983 x 107> kg/ms for air at T = 300 K), dz/dt is the
velocity of the sphere, and f* is the correction for the devia-
tion from standard Reynolds flow due to fluid slip of the inter-
acting surfaces. Assuming that no slip occurs (f* = 1), then
the piezo approach/retraction speed of dz/dt = 300nm/s
yields a repulsive hydrodynamic force F, =~ 3.2 x 10~7 nN
at short separations (e.g., z & d, &~ 35nm). The latter is
negligible in comparison to Casimir forces of the order of pN
to nN at the separations of interest <100 nm.
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SiC-Si/C faces. (c) Relative force error comparing the experimental
Casimir force data with Lifshitz theory calculations using the mea-
sured optical data for the three samples shown in Fig. 1.

Furthermore, the Casimir force curves from both the the-
oretical calculation and the experimental data for the dif-
ferent samples are presented in Fig. 6. The relative thermal
correction at 7 = 300 K for a separation below 100 nm
can be neglected, so that we can use the convenient integral
representation of the Lifshitz formula (see Appendix) to cal-
culate the Casimir force [50]. Moreover, for completeness, we
performed also force calculations via the Lifshitz theory using
a variation of the dielectric function for the Au coating of the
sphere within its maximum limits by considering the hand-

book data with the maximum plasma frequency of 9.0 eV. As
it is shown (see in Supplemental Material Fig. SM3) the force
difference for the Au-SiC system is negligible to play any role.
One can also consider the plasma model to extrapolate at low
frequencies (see Appendix) since this an unresolved issue for
more than 15 years in the Casimir field, e.g., a signature of
either an inconsistency in the Lifshitz theory or a contribution
of electrostatic surface potentials [4,49,50]. However, the
results, at the short separations we probe (<100 nm), will not
change more than the variation we considered above for the
Au coating of the spherical probe since at short separations
(<100 nm) the difference between Drude and Plasma models
is not significant [51]. Furthermore, for a clear compari-
son between the experimental results and the Lifshitz the-
ory calculation, we also calculated the relative force error
|[Fexp — FLif|/Fexp- The cantilever deflection was translated to
a Casimir force using the electrostatically determined spring
constant k = 1.83N/m, and for the Lifshitz theory calcu-
lations we used the measured optical data of SiC-Si/C and
Ru from Fig. 1, as well as those for Au from previous
measurements [39].

The maximum absolute force difference is up to ~60%
between the force measured at the closest distance d, ~ 30—
35 nm, and the Lifshitz theory for Ru. The measured deviation
is due to the sphere roughness contribution to the Casimir
force at separations below 40 nm, where the high surface
peaks lead to a rapid increase of the force, as it was observed
in the past for the rough Au-Au systems [15,20,29]. Strong
deviation was also observed for the SiC-C face, for which
at the shortest separation the deviation due to roughness is
~40%, while that for the SiC-Si face is about ~10-20%. The
roughness contribution appears to be of less importance as the
conductivity of the probing sample reduces (since the sphere
was the same for all surfaces), taking also into account that
the SiC-Si/C and Ru surfaces have low rms surface roughness
(w < 1 nm) over the effective Casimir force interaction area
of ~1 x 1 um?. Beyond 40 nm separations, the force data and
Lifshitz theory data deviate only within a range of 10%.

Beyond the separation regime, where surface roughness
enhances the Casimir force (<40 nm), one can describe the
dependence of the Casimir force with an average power-law
behavior Fc ~ z7™ having an exponent m < 3 for the sphere-
plate geometry. In fact, the obtained values for the exponents
from the force data (and also from theory) were for the Ru,
SiC-Si and SiC-C system 2.74 (theory: 2.53), 2.77 (theory:
2.70), and 2.65 (theory: 2.69), respectively. These values are
in good agreement with the results of previous studies on
Si-terminated SiC [28,41] and other surfaces [40] that yielded
m < 3 for the sphere-plate geometry over a diverse variety
of interacting systems, and separation ranges <1 yum. From
the power-law behavior one can estimate the relative force
error which occurs because of both the uncertainty in the
actual surface separation due to the roughness contribution
in d,, and the error for the measured spring constant k. The
estimated relative error for the Casimir force was calculated as
AFc/Fe ~ [(Ak/k)* 4 (m Az/z)*]'/%. The latter is roughly
~5% for all three samples at the separation z = 100 nm and
decreases with increasing separation for each sample. For the
smoothest sample (SiC-Si face) at the shortest separation of
z =30.2 £ 1.8 nm, the relative error is AF¢/Fc ~ 15% [see
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also, e.g., error bars in Fig. 6(b)]. For the other surfaces, the
relative estimated error at the shortest separations was also
comparable. In any case, the estimated errors are significantly
less than the force variation due to surface roughness in
Fig. 6(c), which can reach a level close to ~60% for the most
conductive surface at shortest separations of ~30 nm.

The comparison of the force data obtained with Lifshitz
theory is only indicative due to the following limitations.
First of all, the difference in charge carrier density for the
two different faces of SiC, which was distinctly shown by
electrostatic measurements was not translated into differences
of the force calculated with the Lifshitz theory. This is because
the ellipsometric measurement of the optical properties is not
sensitive enough to variations of the dielectric permittivity
of the different terminated surface layers. Similar interesting
observations have been made in the past for other systems,
where the surface layers were different from the bulk of the
samples [52]. Second, comparing the experimental data with
the theoretical prediction shows that there is a considerable
deviation from the Lifshitz theory for flat surfaces at short
separations (<40 nm). The reason for this discrepancy is
due to the considerable effect of roughness on the Casimir
force due to the high surface peaks [20,29], which becomes
more pronounced for material systems with increasing surface
conductivity [Fig. 6(c)]. The surface roughness also has a
strong effect in determining the actual separation distance
between the interacting bodies [16,29]. The experimental data
for Ru appear to be noisier at larger separations as compared
to both SiC samples. The latter can be attributed to possible
degradation of the probe since all force measurements for the
three samples were performed by one individual probe.

VI. CONCLUSIONS

In summary, the comprehensive knowledge of the Casimir
force as well as the associated electrostatic characteristics
from differently terminated conductive SiC and Ru surfaces
can be essential in diverse micro/nanotechnologies for op-
eration in harsh environments and the design of advanced
coatings in optics. Therefore, we performed Casimir force
measurements between the same Au-coated microsphere and
N doped SiC with both Si-terminated and C-terminated faces
and compared the results to relatively flat and metallic Ru
surfaces. Electrostatic calibration measurements showed a
~0.6-0.7 V difference in the contact potential V,, between
SiC-Au for the two faces of SiC. We attributed this to the
higher incorporation of N and subsequently the formation of
NO, on the C face, which was confirmed by XPS measure-
ments. On the other hand, the measured optical properties of
the SiC-Si/C terminated surfaces with ellipsometry did not
show any substantial differences indicating that the effective
depth of the different Si/C surface layers is significantly
smaller than the skin depth prohibiting as a result any sub-
stantial differences to appear in force calculations via Lifshitz
theory.

Howeyver, the Casimir force measurement after minimiza-
tion of electrostatics contributions showed differences be-
tween the Si/C faces, while the comparison with the Lifshitz
theory calculations show better agreement for the SiC-Si face.
In addition, short-range force measurements at separations

less than 40 nm were mainly limited by the surface roughness
of the sphere. In fact, the comparison of the Casimir forces
below 40 nm between the SiC-Si/C and Ru surfaces indicates
that the short-range roughness effects increase in magnitude
with increasing metallic behavior of the sample surface. Al-
though comparisons with Lifshitz theory are limited for the
samples under considerations, our results indicate that surface
layers and surface roughness must be taken into consideration
in Casimir and electrostatic force measurements as dimen-
sions and surface separations decrease from the micro to the
nanoregimes.
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APPENDIX: LIFSHITZ THEORY AND EXTRAPOLATION
OF OPTICAL DATA

The Casimir force Fcys(d) in Eq. (2) is given by [6]

kg T
FCas(d) =

[=0 v=TE,TM

r\Vr® exp (—2kod)

rr? exp (—2kod)

The prime in the first summation indicates that the term
corresponding to 1= 0 should be multiplied with a factor

1/2. The Fresnel reflection coefficients are given by r: % =

(ko —k)/ (ko + ki) rrEi)) = (ko — k)/ (ko + ki) and ri; =
(e1 ko — &0 ki)/(e1 ko + ¢€o ki) for the transverse electric (TE)
and magnetic (TM) field polarizations, respectively. k; =

e ~ (i&)+ ~ ki(i =0, 1,2) represents the out-of-plane
wave vector in the gap between the interacting plates (ko) and
in each of the interacting plates (ki=(1,2)). k1 is the in-plane
wave vector.

Furthermore, £(i£) is the dielectric function evaluated at
imaginary frequencies, which is necessary for calculating the
Casimir force between real materials using Lifshitz theory.
Applying the Kramers-Kronig relation, £(i§) is given by [12]

w e”(a))

e =1+ > [T 22

For the calculation of the integral in Eq. (A2) one needs the
measured data for the imaginary part of the frequency depen-
dent dielectric function &”(w). The experimental data for the
imaginary part of the dielectric function cover only a limited
range of frequencies w; (=0.03ev) < w < w; (= 8.9 ev).
Therefore, for the low optical frequencies (v < w; ) we ex-
trapolated using the Drude model [12,35]

wg o8
o (0?4 w?)’ (&)
wp is the Plasma frequency, and o, is the relaxation frequency.
For the higher optical frequencies (v > w;) we extrapolated
using the expression [12,31,35]

'y(w) = —

o0
X/ dklklk()l (Al)
0

(A2)

¢'(w) =

(A4)
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Using Egs. (A2)-(A4), €(i§) in terms of the Drude model
is given by [31,35]

. 2 “2 @ Sﬁexp(a))
e =14t [ O do
+ Are(i&) + Ape(i§) (A5)
with
2 w1 "
auetie) = = [ 5 do
_ Za)gwr arctan (2’71) - arctan(%)
- 7'[(&2 _ w%) (()T é ’
(A6)

and
. 2 [ weqw)
A = — —d
ne@§) ﬂ/wz o + £ w
_ 20l 1 Foaen(g) ]
n§? @ §

If extrapolation at low frequencies is performed with the
plasma model, then one must replace the term A;e(i§) in
Eq. (A6) with wlz) /&2. Therefore, for the Plasma model £(i)
is given by [40]

) 2 [ we, (o) ? )
e(i€)p =1+ ;/ a);—jézdw + E—g + Ape(i&).
)

(A8)
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