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Abstract: Technological progress has made possible precise measurements of the Casimir forces
at distances less than 100 nm. It has enabled stronger constraints on the non-Newtonian forces at
short separations and improved control of micromechanical devices. Experimental information on
the forces below 30 nm is sparse and not precise due to pull-in instability and surface roughness.
Recently, a method of adhered cantilever was proposed to measure the forces at small distances,
which does not suffer from the pull-in instability. Deviation of the cantilever from a classic shape
carries information on the forces acting nearby the adhered end. We calculate the force between a
flat cantilever and rough Au plate and demonstrate that the effect of roughness dominates when
the bodies approach the contact. Short-distance repulsion operating at the contact is included in the
analysis. Deviations from the classic shape due to residual stress, inhomogeneous thickness of the
cantilever, and finite compliance of the substrate are analysed. It is found that a realistic residual
stress gives a negligible contribution to the shape, while the finite compliance and inhomogeneous
thickness give measurable contributions that have to be subtracted from the raw data.

Keywords: Casimir forces; non-Newtonian forces; short distances; surface roughness; adhered
cantilever; contact mechanics; elastic beam

1. Introduction

Quantum fluctuations of the electromagnetic field manifest themselves in very differ-
ent physical circumstances such as sticking gecko to walls or evaporation of black holes.
Van der Waals (vdW) attraction between nonpolar molecules is also the effect of quantum
fluctuations as was explained by London [1]. With the increase of the distance the attractive
forces decrease faster than the vdW interaction due to the retardation of electromagnetic
field as was demonstrated by Casimir and Polder [2]. The same interaction results in an
attractive force between parallel plates separated by a short distance. This force, which
is called the Casimir force (CF), was deduced between perfect mirrors by applying the
zero-field boundary condition on the plates [3]. If the plates are separated by the distance
h, the force per unit area is given by a surprisingly simple expression

2he

c(h) = 2401 (1)

where only the fundamental constants 7 and c enter the formula. Lifshitz and coworkers [4,5]
proposed a united theory that reproduces all the separate results as different limit cases.
The theory takes into account realistic dielectric properties of interacting materials and
accounts not only for quantum but also for thermal fluctuations. In the heart of this theory
lies the fluctuation—dissipation theorem.
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Casimir forces are the subject of active investigation in the last 20 years (see, for example,
the reviews [6-8]). The modern technological level is high enough to control separations of the
order of 100 nm and made possible precise measurements of the forces [9-18]. The interest in
the forces is related to their role in micro/nanoelectromechanical systems (MEMS/NEMS).
These systems have elements with a sufficiently large area separated by a sufficiently small
distance to allow the CF to become operative [19-25]. On the other hand, precise measure-
ment of the CF allows us to make constraints on the forces beyond Newtonian gravity at
short separations. The better we know the CF the stronger we can restrict new physics
beyond the standard model. For distances larger than 10 um the strongest constraints
on the non-Newtonian gravity follow from Cavendish-type experiments [26,27] but at
distances smaller than a few micrometers the strongest restrictions on the hypothetical
forces follow from the Casimir-type experiments [28-30] (see also a recent comprehensive
review [31]). For separations smaller than 10 nm the strongest constraints follow from the
experiments on neutron scattering [32-34].

The CF have been measured with a high precision of the order of 1% in the distance
range from 62 nm [10] up to 1 um [18]. It is difficult to do measurements with a similar
precision at shorter separations. Uncertainty in the force is dominated by the error in
the absolute distance i, which for all the experiments is Ak ~ 1 nm. The corresponding
relative error in the force is AP-/Pc = aAh/h, where 3 < a < 4 and the force behaves as
~ h~*. Obviously the error in the force will increase with the decrease of the separation.
Moreover, at short separations an additional problem occurs. All systems used to measure
the forces employ the elastic suspension (torsional pendulum or cantilever with a ball
attached) that loses stability at sufficiently short separations. This is a generic feature of the
elastic suspension. Practically, it was possible to go down to & = 12 nm [35] in measuring
the force with an atomic force microscope (AFM) between a sphere and plate covered with
gold. Stiff cantilevers were used for that and the measurement precision was not high.
The surface force apparatus that uses much stiffer springs is more stable, but even in this
case the smallest distance in vacuum was about 8.5 nm [36]. The measurements at these
short separations are sparse [35-37] and have low precision.

Besides the loss of stability an important factor at short separations is the surface
roughness. The Lifshitz theory predicts the forces between flat surfaces but in reality all
surfaces are rough and the effect of roughness becomes important at distances considerably
larger than the root-mean-square (rms) roughness w. For gold films thermally evaporated
on Si substrates it was established experimentally [38] that roughness influences signif-
icantly the CF between a sphere and plate at distances & < 7w. In this range the forces
strongly deviate from the expected regime ~ h~*. The effect has been explained by the
presence of high rare peaks on the rough surface, which can approach very close to the
opposite body and give significant contribution to the force [39,40].

Thus, the CF at distances below 30 nm are poorly investigated due to instability of
elastic suspensions and due to roughness effects when the bodies approach the contact.
Recently an experiment has been proposed [41] allowing exploration of the distance range
from 5 nm to 30 nm. Instead of the elastic suspension it is proposed to use an adhered
cantilever to measure the forces. Such a cantilever is a rectangular flexible beam, one
end of which is firmly fixed at a height H above a substrate and the other end is adhered
to the substrate mainly due to vdW-Casimir forces. The shape of the cantilever was
shown to be sensitive to the forces acting nearby the adhered end [42] with the maximum
effect at 1/3 of its unadhered length. The main advantages of the adhered cantilever
method are the following: (a) In contrast to the elastic suspension the adhered cantilever
never losses stability (no pull-in instability at short distances). For this reason it can be
used to measure the forces at short distances. (b) The force and the adhesion energy are
measured simultaneously. (c) The force is measured between practically parallel surfaces.
No restrictions exist on the interaction area as for the standard sphere-plate configuration.
However, there is a disadvantage of the method. It is not possible to change freely the
distance, at which the force is measured. Each measurement gives the force at the distance
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hy that is defined as the average distance between rough bodies at contact. To change the
distance one has to change the roughness of contacting surfaces that can be realised only
by fabrication of new surfaces.

If no force is acting outside of the adhered area, the cantilever takes a classic shape
that is well defined within the theory of elasticity. The interaction between the cantilever
and substrate will change the shape and the deviation from the classic shape is the value
that is measured in the proposed experiment. However, there are a few effects (back-
ground effects), which provide small corrections to the classic shape independently on
the measured forces, that have to be taken into account. The effects are the following. (i)
The cantilevers are characterised by a residual stress, which results to their initial (before
adhesion) bending. (ii) Thickness of the cantilever is not completely homogeneous, which
can change slightly the classic shape. (iii) The adhered end sticks to the substrate, which is
not absolutely stiff. A finite compliance of the substrate also can result in the correction to
the classic shape.

Accounting for the finite compliance of the substrate requires consideration of the
contact problem that includes intermolecular interactions. In contact mechanics these
interactions were taken into account for the first time in relation to the Hertz contact [43].
Many effective approaches to the contact problem were developed including contact
between solids with surface roughness (see, for example, [44]). In particular, a continual
model of the surface roughness as a deformable layer was proposed, where compliance is
described by the Winkler model (nonlinear in general) [45,46]. Description for the contact
interaction between cantilever and substrate in the unadhered area requires the use of a
self-consistent approach (according to Derjaguin) [47]. Such an approach implies that a gap
between solids in contact ensures the balance between deformation and intermolecular
forces on the interface. Self-consistent approach was applied to the contact problems for
solids with a Winkler type layer [48,49].

In this paper we discuss the CF between the cantilever and substrate that differ from
those predicted by the Lifshitz theory because of the effect of roughness and analyse how
these additional contributions influence the shape of the cantilever. To be able to extract
information on the CF from the experiment we also analyse the influence of the background
effects on the classic shape of the cantilever. It includes the residual stress in the cantilever,
inhomogeneous thickness of the cantilever, and finite compliance of the substrate in the
adhered area.

2. Method of Adhered Cantilever

First, let us define the terminology used in this paper. At very short distances the
fluctuation induced forces between bulk bodies decreasing with the distance as #~3 are
called the vdW forces, while at larger separations the forces behave as h~# and are called
the Casimir forces. There is no physical difference in the origin of these forces, just in the
first case (vdW forces) retardation of the electromagnetic signal is neglected, but in the
second case (CF) it is fully taken into account. We consider here the transition region but
continue to call the forces conditionally the Casimir forces even in the vdW limit. Since
relatively short distances are considered, we neglect the thermal fluctuations, which play a
significant role at much larger distances i ~ fic/2T = 3.8 um where T is the temperature
in energy units.

In this section we briefly describe the idea of the method [41] that allows measuring
the forces at distances close to contact. In the process of fabrication or operation of MEMS
separate elements can stick together that result in malfunction of the entire device [50-52].
To investigate the effect of the irreversible stiction, a model system was proposed that is the
adhered cantilever shown in Figure 1. The cantilever sticks to a substrate (typically silicon)
covered with a functional layer, which is a material with a certain roughness. The total
length of the cantilever is L and the unadhered length is s. It is assumed that in the adhered
range with the length L — s the adhesion energy per unit area is I'.
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Figure 1. Adhered cantilever. The main geometric characteristics are shown. Average distance
at contact h is defined by the roughness of the functional layer. Realistic roughness is presented
schematically by brown triangles. Areas of adhesion and strong CF are highlighted.

If we neglect the Casimir interaction near the adhered end, the deflection of the
cantilever is described by the classic shape

up(x) = H(1—3¢>+28°), ¢=x/s )

that is defined by the minimum of the elastic energy of the beam with the boundary
conditions uy(0) = H, uy(0) = 0 and u(s) = 0,u((s) = 0. The unadhered length s is
related to the adhesion energy I' by the classic relation [53]

3E+*H?

= R (©)]
where E is the Young modulus of the cantilever material and the height H and thickness ¢
are shown in Figure 1. This relation has been used to determine experimentally the value
of I. In reality the Casimir interaction cannot be completely neglected since it is always
strong in the area close to the adhered end. Near this end the average distance between the
cantilever and substrate approaches the value hy. This distance is defined by roughness
of the contacting bodies and in the planned experiment the value will be varied in the
range 5 < hy < 30 nm. Influence of the CF on the shape of the cantilever was analysed by
modelling the force with the following dependence [42]

Pc(h) = Py(ho/h)", Py = Pc(ho) 4)

that is a good approximation for the force given by the Lifshitz theory in a restricted range
of distances between flat parallel plates. For the configuration of adhered cantilever the
running distance is h = H — u(x) + hy.

Influence of the CF (4) on the shape of the cantilever is shown in Figure 2. The impor-
tant parameters are the following:

Et3H

_ _ 1/4 _

©)
where Ps is an equivalent of the elastic pressure. The figure shows the absolute deviation
u(x) — up(x) from the classic shape as a function of x-coordinate along the beam. One
can see that the maximum deviation from u(x) is realised at x = s/3 and the deviation
strongly depends on the parameter K. When K approaches the critical value K. ~ R1/# the
deviation reaches the absolute maximum that scales as R~!/2. The experiment has to be
designed in such a way that K is as close to K, as possible. In this case the deviation from the
classic shape can be as large as a few percents that is well measurable with interferometric
methods (see details in [41]).
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Figure 2. Contribution of the CF to the shape of the cantilever. The difference from the classic shape
is shown as a function of normalised coordinate ¢ = x/s for H = 10 um. Note that the origin of
x-coordinate is at the adhered end. The results are presented for a few values of the parameter K.

The dependencies described above correspond to an ideal situation. In the real
world the force between the cantilever and substrate does not follow Equation (4) even
approximately. This is because the surface roughness gives significant contribution to
the force at short distances. Besides this, one can expect appreciable contributions to
the classic shape from the residual stress in the cantilever, nonhomogeneous thickness of
the cantilever, and finite compliance of the substrate. All these effects have to be taken
into account to extract reliable values of the force from the experiment. These effects are
discussed below.

To determine the contribution to the shape of the cantilever, many parameters char-
acterising the problem will be used in this paper. These parameters are related to the
geometrical characteristics of the cantilever, describe roughness of deposited Au films,
optical properties of materials, or mechanical properties of the solids in contact. The most
important parameters are defined in Table 1, where their expected values are presented
together with the references for more detailed information.

Table 1. Main parameters describing the adhered cantilever and material properties related to the force measurements.

Parameters Definition Value Refs.
geometrical [41]
L total length of the cantilever 5-10 mm
s unadhered length of the cantilever 3-5 mm
t thickness of the cantilever 10 um
H height of the support 10 pm
roughness (Au) [39,40,54]
w root-mean-square roughness 1—-5nm
Iy correlation length 30-50 nm
A parameter describing high peaks ~1
B parameter describing high peaks 0.05-0.2 nm !
optical (Au) [55]
wp plasma frequency 7.84 eV
% relaxation frequency 49 meV
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Table 1. Cont.

Parameters Definition Value Refs.
mechanical
E Young modulus 160 GPa (Si), 78 GPa (Au)
Py plasticity limit 0.25 GPa (Au) [56]
r adhesion energy 10-1000 pJ/m? [53]
hy average separation at contact ~10 nm [35]
he minimum distance between solids ~0.3 nm [57]

3. Interaction between the Cantilever and Rough Substrate

Let us consider the simplest realisation of the experiment when a very smooth and stiff
cantilever made of silicon single crystal with a typical rms roughness of 0.3 nm interacts
with Si substrate covered by a softer metallic layer (functional layer) sputtered or thermally
deposited on the substrate. It is assumed that the rms roughness of the metallic layer is
considerably larger. Therefore, we will analyse the force between a flat and stiff silicon
surface and a rough deformable metal as a function of the average distance &, which can
be smaller than the highest roughness peaks. For any position along the cantilever this
force consists of three contribution: the CF between flat surfaces separated by the average
distance , correction to the force between flat surfaces that appears due to roughness of
the metallic surface Py, ¢, (), and the force that originates from the contact between some
asperities and the flat Si surface Peou¢(h):

PC(h) =P (h) + Prough (h) + Pcont(h), (6)

where the first term Pj (1) is calculated within the Lifshitz theory. The last term needs
special attention that is going beyond the scope of this paper. Its contribution is not
necessary small in the adhered area at h = hg but decreases very fast with & increase in the
unadhered area. However, our purpose here is to see the influence of the deviations from
the Lifshitz contribution on the shape of the cantilever. This effect can be well analysed
only with Pyyyep (h). Moreover, it has to be noted that the contact term is exactly zero in the
limit of zero load (small adhesion energy).

3.1. Lifshitz Contribution

The first contribution in Equation (6) is the standard term that is given by the Lifshitz
formula [5]. It is well-known and presented here only for completeness. Since we consider
rather short separations 1 < 50 nm one can change the summation over discrete Matsubara
frequencies by the integral over all imaginary frequencies. This approximation means that
we neglect all thermal fluctuations that are justified at short separations. We use here a
representation of the Lifshitz formula [58], which is convenient due to fast convergence of
the integrals:

_nnet

Pu(n) = 32n2h4 Z / dt/ dxx’ 1—rirke- 1—rVrlex’ @)

where the variables of integration are expressed via the physical quantities as x = 2h({?/c* +
q*)'/2, tx = 2h{/c (T is the imaginary frequency and q is the magnitude of the wave vector
directed along the plate). In this representation the Fresnel reflection coefficients r} (i = 1,2
enumerates the bodies) for two possible polarizations v = s, p can be written as

5 1—\/1+(e;—e0) p & —eo/1+t2(g; —¢o) ®)

7

i_1+\/1+t2(si—so)’ l_€,‘+€0 1+t2(€i—€0)'

Here ¢; and ¢ are the dielectric functions of the plates and intervening medium. All these
functions have to be taken at the imaginary frequencies { = txc/2h. The functions at
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imaginary frequencies can be expressed via the directly measurable dielectric functions at
real frequencies with the Kramers—Kronig relation

we”(w)

P ©)

2 [oe]
() =1+ — d
e(ig) + /0 w
where ¢”(w) is the imaginary part of the corresponding dielectric function.

3.2. Roughness Contribution

In genal case the roughness contribution to the force is a difficult problem especially at
short separations when the roughness amplitude is comparable with the distance between
the bodies. The problem is related to the nonadditivity of the CF. At distances large
in comparison with the rms roughness there is a well defined procedure to calculate
the roughness contribution perturbatively [59,60]. However, the perturbation theory is
broken long before the bodies approach the contact as follows form the experimental
data [38]. A way to calculate the roughness contribution, while the bodies did not get
into contact, was proposed in Refs. [39,40]. The approach is based on the separation of
normal asperities (height ~ w) and high peaks > 3w. The first are accounted perturbatively
but the contribution of the high peaks can be calculated additively since the peaks are
rare. However, we consider small distances, when a typical lateral size of asperities (the
correlation length ;) is comparable or larger than the separation distance I, 2 h. In this
situation all asperities can be accounted additively [59].

It is rather simple to calculate the roughness contribution additively: we have to take
the sum over all asperities, which height is smaller than the distance between the bodies.
Mathematically it can be expressed as

P = [ def @) 2) — (1) 10)

Here f(z) is the probability density function to find an asperity with the height z and P(h)
nearly coincides with Py () except for very small  (see below). The upper integration
limit is smaller than the average distance between bodies at contact /1y on a very small
value h. < hy that has the meaning of an equilibrium distance at contact as explained
below. In the lower integration limit the value /; is the deepest pit in the roughness
profile. Because the force at the distance / 4+ £ is significantly smaller than that at # and
f(—=h1) < 1 we can safely put h; — oo. Typical value of h is larger than 3w and on the
upper limit f(hy — h.) < 1. It means that the second term in Equation (10) is practically
equal to the Lifshitz contribution and (10) presents a pure roughness correction in the
total force.

The argument in P(h — z) can be very close to zero at the upper integration limit.
This is the reason why P() has to differ from Py (h): the force has to stay finite when the
argument is going to zero. The physical reason for the modification of P (h) at very short
separations (angstrom range) is the repulsion of electron clouds so that the equilibrium dis-
tance between the bodies cannot be zero. The modification is important only at separations
close to contact. We parameterise P(h) as

P(h) = Py (h) [1 — (e /h)é}, 11)

where h. is the equilibrium distance at contact without external load, which is in the
range 0.2-0.3 nm. This parametrization follows from the Lennard-Jones potential between
molecules 1 and 2 that has the standard form:

UL] = 4E0ij [((Tl']'/rij)é _ (Uij/rjj)lz} , (12)
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where r;; is the distance between the molecules i and j and Eg;; and 0;; are the corresponding
parameters. If we calculate additively with the potential (12) the interaction energy between
two parallel plates made of molecules i = 1 and j = 2, then this energy can be presented as

1/h\°
1)) w
where Ay is the Hamaker constant. Both the parameters Ay and h. are related to the
original Lennard-Jones parameters, but for Ag this relation has no special meaning because
the vdW forces are not additive. On the contrary, the molecule sizes do not change signif-
icantly when the molecules are arranged in a solid and we can relate k. = (2/15)!/60y,.
If materials 1 and 2 are different, one can use the standard rule for molecular dynamics:
012 = (011 + 022) /2. When gold interacts with silicon we can take 077 = 0.293 nm for Au
and 0»> = 0.392 nm for Si [61] and find for &, = 0.245 nm.

Information on roughness statistics of the substrate can be collected from AFM images.
Since high peaks play a very important role [54], it is necessary to collect information from
as large area as possible. For our calculations we use one of the images collected for the
paper [54]. It is a 200 nm thick Au film thermally deposited on Si substrate. The image
size is 20 x 20 um taken with a resolution of 4096 pixels per line. The correlation length is
estimated as I, ~ 45 nm and the rms roughness is w = 2.35 nm. The height distribution
function f(z) extracted from the image is shown in Figure 3. The important feature of this
function is that the high peaks are not described by the normal distribution that is shown
by the red dashed line. The normal distribution works rather well for the heights in the
range —3w < z < 3w but for the high peaks and deep pits is does not describe the statistic
of the roughness.

Ag
Uth) = 15 02

107" £

1072 e
107 /e

_~ E / .

N

=104 re

107°F 1

1070F oo

10—7 P E T R S N S S S [ S S S E S S S N S S |

z (nm)

Figure 3. The probability density function as a function of the random height of asperities z. Black
circles are the data collected directly from the AFM images, the red dashed curve shows the normal
distribution with the same rms roughness, and the blue solid curve demonstrates the extreme value
distribution. The last distribution describes well the high peak tail.

Deep pits do not play any role for the force between the bodies, but high asperities
are very important because they can approach close to the opposite body and even get
into contact with it. The deviation of roughness from the normal distribution was already
stressed previously [54]. It was demonstrated [39,40] that for gold films the high peaks
are well described by the extreme value statistics, but the conclusion was made from
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the analysis of much rougher films. The case demonstrated in Figure 3 corresponds to a
smoother film, but the high peak tail is also well described by the extreme value statistics
as the solid blue curve shows.

In general case this statistics is described by the cumulative distribution P(z) in the
form [62]

P(z) =1—exp [— exp(?)}, (14)

where y and B are the parameters. A characteristic feature of this distribution is given by
the relation
In[—In(1—P(z))] = A+ Bz. (15)

The parameters A and B used in [39,40] are obviously related to  and . The corresponding
probability density has the following form

f(z) = BOexp(—P), In® = A+ Bz. (16)

In our case the values of these parameters are A = 0.7528 and B = 0.1179 nm~!. This
distribution is shown in Figure 3 by the blue solid line. It describes well the AFM data for
the heights z > 3w.

For what follows we need a relation between the pressure applied to the bodies in
contact and the average distance between them. It is defined by the roughness and plasticity
limit of the substrate material. The rough substrate is modeled as an ensemble of columns
with a random height and fixed cross-section /2, which is defined by the correlation length
l;. The highest asperities get into contact with a flat stiff surface of the cantilever. Only a
few asperities are in contact and pressure on them exceeds the plasticity limit P¢. These
columns are deformed plastically reducing their height to a uniform value equal to /i that
is the average distance between the bodies at contact. As the result the pressure on the
asperities, which are in contact with the cantilever, is equal to Py.

If the surfaces are pressed together with the force F, this force is balanced by the
deformed columns and the balance can be expressed as F = }; Pfl,%, where the sum
is taken on the columns, which are higher than hy. This sum can be expressed via the
probability density function f(z) as

F=Ps /h Y dzf(2), (17)

where S is the nominal area of contact. Since the average distance between the bodies in
contact hy is larger than 3w, we can use the asymptotic distribution (16). Dividing (17) by S
one finds the relation between the applied pressure P and the average distance hy:

P = Pre~ ), (18)
This relation will be used in Section 4.4 to estimate the coefficient of compliance.

3.3. Total Force

As input data in Equation (7) we used ¢(w) for Si taken from the handbook [63],
which is well documented, and the corresponding function for Au [55] that was measured
in a wide range of frequencies. The conductivity of silicon was neglected since it is not
important for the distances of interest. On the other hand, the Drude parameters for
gold were taken to be w, = 7.84 eV and 7y = 49 meV as extrapolated in [55], but their
exact values are not crucially important in the short distance range, because the far- and
mid-infrared frequencies do not give large contribution to the force at 1 < 30 nm.

In actual calculation of the roughness contribution with Equation (10), we used the
experimental function f(z) while z < 5w but for larger heights the relation (16) was used.
The result is shown in Figure 4 for a few values of the average distance between the bodies
at contact. One can see that the roughness contribution becomes very significant and
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even dominates when the bodies approach the contact. It occurs because high asperities
approach very close to the opposite body and the number of such asperities is much larger
than that predicted by the normal distribution. When the bodies are separated further
apart the roughness contribution decreases quickly and asymptotically behaves with the
distance as ~Py (h)w?/h? that coincides with the prediction of the perturbation theory.

10° E
4 d
= 10
a
§)
o
3 Si-Au(200nm)
10 3
w=2.35 nm
hc:O.245 nm
102 d
10 15 20 25 30 35 40 45 50

h (nm)

Figure 4. The Casimir force (CF) between Si (smooth) and Au (rough) plates as a function of distance.
The force is shown for three average distances at contact iy = 8.46, 9.66, 12.02 nm. The dashed line
corresponds to the force between two flat plates.

At short separations the highest asperities get into contact with the flat plate and
deform plastically. In the area of real contact the modified Lifshitz force (11) becomes
important. If no external load, the equilibrium distance in the area of real contact is
heg = he and according to Equation (11) the contact force is equal to zero. However,
for nonzero adhesion energy I' the equilibrium distance at contact he; does not coincide
with 1. and the contact force Pyt (h) becomes finite. Although the area of real contact is
not large, the forces acting in this area are significant. As a result the contact contribution
at some conditions can even dominate in the total force. It depends on the details of the
roughness distribution, on the repulsive component of the force, and on the value of plastic
flow stress of the deformable materials. As we already indicated, Pu¢ (1) is outside of
the scope of this paper. Here we concentrated on the effects of nonideality. One of such
effects is the deviation of the total force from the Lifshitz contribution. For this purpose the
deviation due to roughness is sufficient to understand the tendency.

4. Contribution of Roughness and the Background Effects to the Shape of
the Cantilever

In this section we investigate influence of different effects on the shape of the cantilever.
One can distinguish the effect related to the external force acting on the cantilever from
the effects related to the internal properties of the cantilever. The shape of the cantilever is
described by the theory of elasticity resulting in different equations for these two kinds
of effects.

The cantilevers are fabricated using silicon on insulator (SOI) wafers [41] where the
top layer is 10 um thick single crystal silicon separated by a 1 pm SiO; layer from the base
Si substrate (350 um thick). The fabrication procedure includes patterning and etching
of the cantilevers in the top layer and their release by etching away the base layer from
the back side. It is a multistep process, which inevitably leaves a residual stress in the
cantilevers. The technology is tuned to minimise this stress but it is not possible to exclude it



Universe 2021, 7, 64

11 of 20

completely. The residual stress manifests itself as an initial curvature of the free (unadhered)
cantilever. This curvature can be measured before assembling the cantilevers with the
counter substrate, to which the free ends adhere.

Besides that the providers of SOl wafers guarantee that the thickness of the top layer is
homogeneous within 5-10%. This means that the thickness of cantilevers ¢ can vary slowly
along its length and the variation can be as large as 1 um. This variation can be measured
using, for example, an infrared interferometer, for which Si cantilevers are transparent and
the interference contrast is formed due to reflection from both sides. In addition, the rough
substrate is not completely stiff. It has a finite compliance because high asperities can be
deformed. It makes the adhered end of the cantilever not firmly fixed. All these effects will
change the classic (without external force) shape that will be slightly different from that
described by Equation (2). This difference has to be taken into account to extract the force
from the raw data and for that we have to modify the equation used in [42].

4.1. Generalised Equation for the Shape of the Cantilever

Consider bending of a rectangular elastic beam with the total length L, for which the
left end is firmly fixed at the height H and the right end is adhered to the substrate as
shown in Figure 5. In the macroscopic description the rough surface of the substrate is
considered as a deformable smooth surface, for which the undeformed state coincides with
the level h = hg as shown explicitly in Figure 1. If the origin of x-coordinate is chosen at the
right end, then the cantilever is detached from the substrate at xs = L — s and the left end
is at the position x = L. Since the substrate has a finite compliance the beam can penetrate
into the substrate in the adhered area to the depth é(x). The unadhered part of the beam
in the interval x; < x < L is separated from the substrate by a gap v(x) = h(x) — ho.
If u(x) is the bending of the cantilever midline as shown in Figure 5, then there is a simple
geometrical relation between v(x) and u(x) in the entire domain 0 < x < L that s

v(x) =H+#tL)/2—t(x)/2—u(x)+(x). (19)

|
] i
| |
| |
| |
| |
| |
I |
| |
| |
| |

|
F

L

Figure 5. Adhered cantilever in the most general case. The cantilever has a nonhomogeneous
thickness t(x) and has a nonzero initial bending r(x) shown by the thick dashed line. The rough
substrate is modelled as a deformable smooth surface and the penetration of the adhered part of the
cantilever into the substrate is 6(x). The function u(x) describes the bending of the midline of the
adhered cantilever.

Using the theory of beam bending [64] one can deduce the following differential
equation that describes the shape of adhered cantilever:

(D) (x)]" = B(x), @(x) = u(x) —r(x), (20)

where prime means the derivative on x, r(x) is the initial shape of the cantilever before the
adhesion, D(x) = Et3(x)/12 is the running flexural rigidity of the beam, and B(x) is the
bending stress. To describe the effective deformation of the substrate we use the Winkler
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model [45,46,65] that postulates a linear dependence of the penetration ¢ on the normal
stress at the substrate surface o, = f8 so that

6(x) = —Awp(x), (21)

where Ay > 01is the compliance coefficient, which is defined by the deformation properties
of the rough substrate that follows from Equation (18).

The stress B(x) that enters Equations (20) and (21) is due to the mechanical reaction
of the substrate in the adhered area or due to the external (Casimir) forces acting on the
unadhered part of the beam. In the latter case it is

B(x) = Pc(h(x)) = Pc(v(x) + ho). (22)

Taking into account that v(x) = 0 in the adhered area and using the Derjaguin self-
consistent approach [47] for the unadhered part one can use Equations (19)-(22) to deduce
the equation that describes bending of the midline of the cantilever u#(x). The result can be
written in the form

I "o B1(u(x) +t(x)/2), 0<x < xs, (adhered)
[P@u"(@)]" = pr(x) + { Ba(u(x) +t(x)/2), xs <x <L, (unadhered) @3
where B, (x) is defined as B, (x) = [D(x)r"(x)]”, the function 1 (X) has an explicit expres-
sion B1(X) = (H+t(L)/2 — X)/ Aw, while the function B, (X) is defined implicitly as a
solution of the equation B (X) = Pc(H +t(L)/2+hyp — X — Awp2(X)).

The differential Equation (23) has to be solved with the following boundary conditions

u"(0)=0, u"(0)=0, u(L)=0, u'(L)=—+(L)/2. (24)

Here the first two conditions correspond to the absence of bending moment and shearing
force at the right end. The other two conditions describe the firmly fixed left end of the
cantilever. The last condition follows from the fact that the bottom line of the cantilever
has zero derivative at x = L. The boundary problem (23), (24) can be solved, for example,
by shooting method using the Runge-Kutta procedure. Let us consider now a few relevant
special cases.

4.2. Influence of Roughness

If the external force P¢ is acting on an ideally homogeneous cantilever t(x) = f( that
has no initial bending r(x) = 0 and the substrate is stiff Ay, = 0, then the adhered end is
completely immobilised. In this case it is convenient to shift the origin of the coordinate
system to the point x = x;, where the cantilever is detached from the substrate, and the left
end will be at x = s. The flexural rigidity D is now a constant and Equation (23) gets the
form [42]

d*u
D@ =Pc(H+hy—u(x)), 0<x<s,
u(0)=H, v (0)=0, u(s)=u'(s)=0. (25)

The boundary conditions for this problem means that both ends of the cantilever are firmly
fixed at x = 0and x =s.

It has to be stressed that experimentally we measure the shape of the cantilever along
its top surface but not along the midline. The observed shape u;(x) is related to u(x) by a
simple geometric relation u;(x) = u(x) + t(s)/2 — t(x) /2. Therefore, for the case t(x) = tj
the function u(x) gives the complete information on the experimentally observed shape.

If Pc = 0 the Equation (25) becomes linear and has a simple solution (2). When the
right hand side in (25) is given by the force between flat surfaces Pc(h) = Pr(h), then the
equation is nonlinear because h(x) = H + hy — u(x) depends on u and the equation has to



Universe 2021, 7, 64

13 of 20

be solved numerically. For P; (h) approximated by Equation (4), the solution is shown in
Figure 2.

In more general case, when the force as a function of the separation is taken from
the data presented in Figure 4, the deviation from the classic shape is shown in Figure 6.
The solid lines demonstrate the results for the total force that includes both the Lifshitz and
roughness contributions. Each curve corresponds to the critical parameter K = K., where
K is defined as in (5) with Py = Pr (hg) taken as the force between flat surfaces. For three
values hy = 8.49, 9.66, 12.02 nm the critical parameters are Kzgugh =11.76, 11.96, 12.47,
respectively, and the corresponding Py are Py = (2.23, 1.47, 0.72) x 10* Pa. The values
of K are presented for E = 160 GPa (silicon) and H = t = 10 um. The thin dashed
curve demonstrates the deviation from ug(x) for flat surfaces separated by the distance
hp = 9.66 nm. It corresponds to the critical values for flat surfaces K{f 't _ 14.56. The dash-
dotted curve shows the deviation for flat surfaces that corresponds to K//# = 11.96 that is

smaller than the critical value K{ lat,

70F T T =
——h_=3.5w+h
—— 0 c
60 - e \\\ —h0=4.0W+hC ]
/ N —
J/ N —h0—5.0w+hc

Figure 6. Deviation from the classic shape for the forces shown in Figure 4 (solid lines). The results
are presented for H = ¢ = 10 pm and the parameter K is close to the critical value K, for each
curve. The point x/s = 0 corresponds to the point of attachment to the substrate and x/s = 1 to the
right side of the support. The colours are related to the value /iy, which are the same as in Figure 4.
The thin dashed line corresponds to the critical situation (K{ lat _ 14.56) between flat surfaces for
hg = 9.66 nm. The thin dash-dotted curve shows the deviation between flat surfaces corresponding
to the same /g but for K = 11.96, which is realised for the same s as for the rough surfaces.

Intuitively one would expect that the deviation u — 1 will be larger when the force
increases. However, it is true if we compare the deviations corresponding to the same un-
adhered length s = K(Et*H/12P,)'/4. The solid and dash-dotted blue curves correspond
to the same length s = 3.69 mm and indeed the deviation for rough surfaces is larger than
that for flat surfaces. On the other hand, the critical situation for flat surfaces is realised
for longer unadhered length s = 4.49 mm and the deviation can be larger than that for the
rough surfaces (dashed curve). Such long s cannot be realised for rough surfaces because
the force is too strong. We can conclude that in spite of a significant increase in the force
between rough surfaces the deviation from the classic shape, which can be measured in
the experiment, decreases because the larger force corresponds to the shorter unadhered
length. Nevertheless, the deviation is still well in the measurable range.
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4.3. Stiff Substrate

In this section we consider a stiff substrate Ay = 0 but the cantilever can be bent
initially (x) # 0 and its thickness can be inhomogeneous t = t(x). The main interest is
how the classic shape of the cantilever u((x) changes due to nonideality of the cantilever.
It is expected that these effects are small in comparison with the classic shape (2) or
equivalently that maximum deviation from (2) is much less than the height H. Since the
CF gives also only a small correction to the classic shape, it is reasonable to assume that the
effects of nonideality do not depend on the force and in the first approximation we can put
Pc(h) = 0. For a stiff substrate without external forces the equation describing the shape
becomes linear:

[D(x)a" (x)]" =0, @(x) =u(x) —r(x). (26)

As in Section 4.2 it is convenient to choose the origin of the x-coordinate in the point where
the cantilever is detached from the substrate, then the equation is defined in the domain
0 < x < s and the boundary conditions are

u(0) = H+t(s)/2—t(0)/2, u'(0)=—(0)/2, u(s)=0, u'(s)=—t(s)/2. (27)

Because Equation (26) is linear the effects of the initial curvature and inhomogeneous
thickness can be considered separately. Moreover, the equation can be solved analytically.
First, let us consider the case of finite curvature of the cantilever with a homogeneous
thickness t(x) = tp, #/(x) = 0. Since the cantilever is firmly fixed at x = s, the function r(x)
obeys the conditions 7(s) = '(s) = 0. The solution of Equation (26) can be presented as

u(x) = [2H —2r(0) —sr'(0)] (x/s)> + [~3H + 37(0) + 251 (0)] (x/5)*+

H+r(x) —r(0) — ' (0)x, )

In real experiment the cantilever is slightly curved and can be described as a piece of a
circle with a large radius R. Then the function r(x) is

52

") = oag

4AH? s2
— — — 2 ~ .
1 \/1 2 (1—-x/9)?|, R AT (29)

Here instead of the curvature radius R we introduced more practical parameter AH =
r(0) — r(s) that is the sag (positive or negative) of the cantilever. The fabrication technology
is tuned to minimise the sag that is AH ~ 1 pm. Since the unadhered length is s = 3-5 mm
the parameter 2AH /s ~ 1072 is small. The first nonvanishing term in the expansion of
(29) gives the parabolic behaviour r(x) = AH(1 — x/s)2. If we put this function into the
solution (28), all the terms containing AH will cancel. It means that the initial bending of
the cantilever does not contribute to the shape of the adhered cantilever. This could be
expected because, while r(x) is described by a polynomial of less than the fourth order
in x and the boundary conditions do not depend on r, the solution of the fourth-order
differential equation cannot be sensitive to r(x). The second term in the expansion of (29)
will change the classic shape of the adhered cantilever slightly. Its effect will be of the
order of AH(AH/ 5)2 ~ 1073 nm that is negligible. Thus, we can conclude that in realistic
situations the initial curvature of the cantilever can be neglected.

In contrast with the finite curvature, the inhomogeneous thickness of the cantilever has
an observable effect. As was explained above, the top layer of SOI wafer with a diameter of
100 mm can vary 5-10%. On the length s = 5 mm one can expect 1% linear variation of the
thickness. Let the total thickness variation be At = t(s) — £(0), then #(x) can be presented

as
t(x) =t(0)(1+ax/s), a= t(A(;L) < 0.01, (30)
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where « is a small positive or negative parameter. Equation (26) is now modified to
the following

{(1 +1xx/s)3u”(x)}” =0, 0<x<s, (31)

Since t(x) is a linear function of x, the same equation describes the top u(x) and bottom
up(x) surfaces of the cantilever. The boundary conditions are formulated directly for the
bottom surface and have for u;(x) the simplest form that is

up(0) = H, u,(0)=0, up(s) =0, wuy(s)=0. (32)
Since « is small we can look for the solution as a series in a. The first nonvanishing term is

Jup (x) = up(x) — ugp(x) = —3aHE*(1-¢)?,

33
ugy(x) = H(1 =382 +28%), &=x/s. (33)

One can see that the sign of the correction is defined by the sign of a. The external
force always gives a positive correction to (1), but the correction due to inhomogeneous
thickness is negative if at the adhered end it is thinner and positive in the opposite case.
For the parameters expected in the experiment H = (0) = 10 um the result is shown in
Figure 7. As we already mentioned, the directly observed shape is u;(x) = up(x) — t(x) +

ouy (nm)

-12

-16 1

-20 1 I I I
0 0.2 04 0.6 0.8 1

x/s

Figure 7. Deviation from the classic shape ug;(x) (see Equation (33)) due to linear variation of the
thickness f(x) = £(0)(1 + ax/s). The result is presented for « = 0.01 and H = 10 um.

Maximum variation of the thickness along the unadhered part of the cantilever is ex-
pected as 1%. One can see that this variation gives a measurable change in the classic shape,
which is comparable with the effect of the CF as shown in Figure 6 for the same parameters
H and t(0). The second order correction ~ a? to the classic shape can be neglected since it
is on the level of the experimental errors. We can conclude that the variation of thickness is
an important background effect that has to be carefully excluded from the experimental
data. For that it is important to measure the function (x) experimentally.

4.4. Finite Compliance of the Substrate

Consider now the case when r(x) = 0, t(x) = to but the compliance of the substrate
Ay is nonzero. Our interest here is the modification of the classic shape due to finite
compliance. In Equation (23) we can exclude the external force Pc(h(x)), exclude the term
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Br(x) = 0 related to the initial curvature, and take D(x) = D = Ef3/12 as a constant.
In this case the equation can be solved analytically, but to present it in a readable form it
is convenient to put the origin of x-coordinate at the very end of the adhered part of the
cantilever as shown in Figure 5. The equation describing the shape of the cantilever is

di{ [ (H=u)/Aw, 0<x<L—s, (adhered) (34)
dxt 0, L—s < x < L (unadhered)
that has to be solved with the boundary conditions
u"(0)=0, u"(0)=0, u(L)=0, u'(L)=0. (35)
In the adhered domain the equation is
d*u 4kt
F i F(H—u), 0<x<L-s;
1/4
L4
W(0) =u"(0) =0; k=[—n ] | (36)
EB Ay

Normalising x-coordinate with the total length L but keeping the same notation for the
normalised coordinate ¢ = x/L, one can present the solution in the following form

u(x) =H+ ekg(Al coskf + Apsinkg)+

(37)
e M (A — 2A5) cosk& 4+ Apsinké], & =x/L,

where Aj, are arbitrary constants. On the other hand, in the domain L —s < x < L the
function is described by the equation

d*u
@:0, L—S<x<L,
u(L) =u'(L) =0 (38)
and the solution is
u(x) = B1& + By&? — (3B +2B,)¢ + 2B, + By, (39)

where B ; are also arbitrary constants. Four unknown constants A; » and B; , are deter-
mined by matching the functions (37) and (39) and their three derivatives in the point
x = L —s. In principle, this procedure can be performed analytically but the result is
cumbersome and we do the matching numerically.

Before presenting the final result it is important to know the expected value of the
compliance parameter Ayy. It is defined by the roughness and by the plasticity limit of the
substrate material and can be found from the relation (18) between the applied pressure and
average distance between the bodies. To compare this relation to the Winkler model (21)
we can linearize Equation (18) near hg and find for the compliance coefficient as

g':b(hO)

mN:B¢w@@'

(40)

The plasticity limit for gold is Py = 0.205 GPa but for nanosized samples it can be
somewhat larger [56,66]. For hy = nw + h. used to calculate the force in Figure 4, where
n=235,4,5wefind Ay = (229, 4.68, 29.4) x 10> nm/GPa. Knowing Ay one can find
the parameter k that enters in the shape of the cantilever in the adhered domain (37); it
gives k = 267, 224, 141 for L = 5 mm. Resolving the matching condition with respect
to the constants A; , and By, we find the solution u(x) in the entire domain 0 < x < L.
The result is shown in Figure 8.
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Figure 8. Deviation from the classic shape (2) due to finite compliance of the rough substrate for
L =5mm and s = 4 mm. The values of & are the same as in Figure 4. The results are presented for
three values of average distance between the bodies at contact. The inset demonstrates the detailed
behaviour near the transition from the adhered to unadhered state.

As one can see, the effect of finite compliance is even more important than the variation
of the thickness f(x). The transition region from adhered to unadhered part of the cantilever
is about 40 pm, while for the CF the width of the transition region is estimated as 300 pum.
Effectively it looks like a kink at the adhered end, although the inset in Figure 8 demon-
strates that the transition is smooth. The inset shows also that the cantilever penetrates into
the substrate but the penetration depth is rather small.

5. Conclusions

Experimental measurement of the Casimir forces at distances shorter than 30 nm is
problematic due to pull-in instability and due to roughness effect. A method of adhered
cantilever proposed recently [41] allows for the overcoming of the instability problem
and proposes an approach to treat the roughness effect. In this paper we addressed the
way to calculate the roughness contribution to the force beyond the perturbation theory.
In comparison with the previous analysis [39,40] we demonstrated that the roughness
contribution is especially important for the surfaces with a relatively small rms roughness.
When the bodies approach the contact the roughness contribution starts to grow so strongly
that it dominates the total force and can be one order of magnitude larger than the force
between flat surfaces separated by the same distance. It is manifested as a strong deviation
from the power law behaviour at short separations. In contrast with [39,40], we also
took into account the repulsive contribution when the bodies get into contact. It allowed
calculation of the force even in the case when the bodies are in direct contact. Without this
repulsive contribution the force would diverge at contact. Our calculations are justified
up to the point of direct contact but still restricted by the limit of small load. When the
load is not negligible there is an additional contact contribution to the force that has to be
analysed with different method and will be presented elsewhere.

In any experiment measuring the forces there are a number of background effects,
which are sometimes larger than the measured force. For example, the main background
effect for the Casimir forces at i > 30 nm measured with the elastic suspension method
is the residual electrostatic force [9-13]. At shorter separations the electrostatic forces
are not so critical, but the elastic suspension cannot be used due to the pull-in instability.
The adhered cantilever method gives the opportunity to measure the forces at small
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distances but there are some background effects that have to be excluded from the data.
These effects have been discussed in Section 4.

In the method of adhered cantilever the force is measured as the deviation of the
shape of the cantilever from a known classic shape. Here we indicated three potentially
important effects, which are able to change slightly the classic shape even if there is no
force acting on the cantilever. Technologically it is not possible to fabricate cantilevers
without residual stress. This stress results in a small initial bending of the cantilever. We
demonstrated that, while the initial bending is parabolic, it does not influence the shape
of the adhered cantilever. Deviation from the parabolic bending is too small to provide a
measurable effect in the adhered state. Thus, a small initial bending of the cantilever does
not influence the shape of the adhered cantilever on a measurable level.

Fabrication technology of the cantilevers cannot guarantee completely homogeneous
thickness of the cantilevers. The variation of the thickness up to one percent is expected.
This variation can influence the shape of the adhered cantilever. It was shown that inho-
mogeneous thickness can contribute to the classic shape on the same level as the expected
Casimir force. To control this effect it is necessary to measure thickness of the cantilever
along its length. If this variation is known, one can reliably predict its effect on the shape
of the adhered cantilever.

We also estimated the effect of finite compliance of the rough substrate on the classic
shape of the cantilever. The calculations have been performed within the linear Winkler
model but the compliance coefficient was estimated using a realistic roughness statistics
of the substrate. The result showed that the effect of finite compliance is also important
and has to be carefully excluded from the raw data. Influence of finite compliance depends
significantly on the average distance between the bodies at contact.
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Abbreviations

The following abbreviations are used in this manuscript:

vdW van der Waals

CF Casimir forces

MEMS/NEMS  Micro/Nanoelectromechanical systems
AFM Atomic Force Microscope

rms root-mean-square

SOI silicon on insulator
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