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The possibility to modify the strength of the Casimir effect by tailoring the dielectric functions of the

interacting surfaces is regarded as a unique opportunity in the development of micro- and nanoelec-

tromechanical systems. In air, however, one expects that, unless noble metals are used, the electrostatic

force arising from trapped charges overcomes the Casimir attraction, leaving no room for exploitation of

Casimir force engineering at ambient conditions. Here we show that, in the presence of a conductive

oxide, the Casimir force can be the dominant interaction even in air, and that the use of conductive oxides

allows one to reduce the Casimir force up to a factor of 2 when compared to noble metals.

DOI: 10.1103/PhysRevLett.103.040402 PACS numbers: 03.65.�w

The mechanical parts of micro- and nanoelectromechan-
ical systems (MEMS and NEMS) are often designed to
work at separations where the Casimir effect [1] might play
a relevant role [2–5]. It is thus commonly believed that, if
one could suitably engineer the strength of the Casimir
force, unprecedented opportunities would come available
for the development of conceptually new MEMS and
NEMS [6–9]. The most simple approach to tailor the
Casimir force is to properly choose the materials of which
the interacting surfaces are made. According to the Lifshitz
theory [10], the interaction between two objects depends
on their dielectric functions. Transparent dielectrics, for
example, attract less than reflective mirrors. This property
may be used to reduce the Casimir attraction whenever the
design requires a smaller short range interaction. It is,
however, fair to say that, for the vast majority of applica-
tions, MEMS and NEMS operate in air, where surfaces
tend to accumulate trapped charges. Those charges give
rise to a strong electrostatic interaction that cannot be
compensated by a counterbias voltage and that typically
overcomes the Casimir force. It is thus difficult to imagine
that the Casimir force can play an important role in MEMS
and NEMS operating in air, unless all surfaces are coated
with noble metals to reduce the forces due to surface
charges to negligible levels. In that case, however, there
is not much room to tune the strength of the Casimir
interaction because the diversity in the dielectric functions
of different metals is simply not large enough [11–15]. As a
matter of fact, to date, there is no experiment that shows
that, in air, the Casimir force can still be tuned significantly
while remaining the dominant interaction mechanism.

In this Letter we present a precise measurement of the
Casimir force between a gold coated sphere and a glass
plate coated with either a thick gold layer or a highly
conductive, transparent oxide film. The experiment was
performed in air, and no electrostatic force due to residual
trapped charges was observed over several weeks of mea-
surements in either case. The decrease of the Casimir force
due to the different dielectric properties of the reflective

gold layer and the transparent oxide film resulted to be
as high as ’40%–50% at all separations (from ’50
to ’150 nm). Our experiment shows that, in the presence
of a conductive oxide layer, the Casimir force can still be
the dominant interaction mechanism even in air, and in-
dicates that, whenever the design might require it, it is
possible to tune the Casimir attraction by a factor of 2.
Our experimental setup is designed to perform precise

measurements of surface forces between a 100 �m radius
sphere and a plate as a function of their separation (see
Fig. 1 and [16]). The sphere is glued onto the hanging end
of a micromachined cantilever (spring constant �1 N=m,
resonance frequency (with the sphere attached)
�1:9 kHz). The plate is mounted on a capacitive feedback
controlled piezoelectric transducer that allows one to ac-

FIG. 1 (color). (a) Drawing of the experimental setup.
(b) Schematic representation of the working principle of the
experimental technique. (c) Definition of d0 (initial separation),
dpz (movement of the piezoelectric stage), and d (separation

between the two surfaces).
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curately vary the separation between the sphere and the
plate in discrete steps. Any force acting between the two
surfaces results in a bending of the cantilever that is
detected by the optical lever of a commercial atomic force
microscope (AFM) head [17]. The setup is kept at a fixed
temperature to reduce mechanical drifts and is placed on an
active antivibration stage inside an acoustic isolation box
to decouple the force sensor from external vibrations.

Precise Casimir force measurements typically require
careful analysis of three crucial issues. First, even when
both the sphere and the plate are coated with metallic films,
there might still exist an electrostatic potential difference
V0 between the two surfaces that gives rise to a residual
electrostatic force. This force must be actively canceled by
counter biasing V0 with an externally applied voltage.
Second, although the relative displacements of the piezo-
electric transducer that moves the plate, dpz, are precisely

controlled, the separation between the two interacting
surfaces at the start of the measurement, d0, is a priori
unknown (see Fig. 1). Therefore, the absolute separation
d ¼ d0 � dpz has to be obtained from a calibration proce-

dure. Third, the electronic signal coming out of the AFM
head must be converted into force. It is thus necessary to
calibrate the instrument with a controlled force. To ad-
dress these problems, we have designed a measurement
technique that allows one to simultaneously: (i) compen-
sate for the residual potential, (ii) calibrate the setup, and
(iii) measure the Casimir force [16,18]. In a nutshell, in
each calibration/measurement run the plate is moved in
discrete steps from d0 to a minimum value of d (just before
contact with the sphere). A calibrated ac electrostatic
potential is applied between the sphere and the plate at a
frequency !1 much lower than the resonance frequency of
the force sensor ( !1

2� ¼ 72:2 Hz). This ac excitation is used

to drive a feedback circuit that compensates for the residual
voltage V0, and, simultaneously, generates an electrostatic
force that makes the cantilever oscillate at 2!1. The am-
plitude of the oscillations, measured with a lock-in ampli-
fier [calibration lock-in in Fig. 1(b)], are recorded as a
function of dpz, and are then used to calibrate the instru-

ment and extract d0. At the same time, a transducer me-
chanically coupled to the piezoelectric translator makes the
plate move around dpz with an amplitude of 3:85�
0:08 nm at a frequency !2, which is again much lower
than the resonance frequency of the force sensor ( !2

2� ¼
119 Hz) [19]. In the presence of a force that depends on
separation (e.g., the Casimir force), the cantilever bends in
phase with the modulation of d. The amplitude of the in-
phase oscillation, measured with another lock-in amplifier
[measurement lock-in in Fig. 1(b)], is proportional to the
derivative of the force with respect to d. Furthermore, the
presence of the cushion of air between the two surfaces
gives rise to a hydrodynamic force that depends on the
velocity with which the plate moves. The signal produced
by this force manifests itself at the same frequency at

which d is modulated, but with a phase rotated by 90�.
This contribution does not influence the output of the in-
phase component and can be measured independently with
the same lock-in amplifier. The integration times of the
lock-in amplifiers are 8 s for every value of dpz. A typical

measurement run consists of ’50 dpz set-points in the

measurement range 50< d< 1100 nm, and takes roughly
7 min. The cantilever responses to the modulations at !1

and !2 are <80 pm (root-mean-square) during the entire
experiment. All force measurements are performed in air at
atmospheric pressure, temperature 300 K, and 29% relative
humidity.
In this Letter we present two experiments performed

with the same sphere and two different plates. The sphere
is a polystyrene sphere with nominal radius 100 �m
coated with a Ti adhesion layer followed by a 100 nm
Au film (surface roughness 3.8 nm RMS). The plate used
in the first experiment is a polished sapphire substrate
coated with a metallic film similar to the one deposited
on the sphere (surface rougness 0.8 nm RMS). The plate
used in the second experiment is a float glass substrate
with a 190 nm indium tin oxide (ITO, In2O3:Sn) sputtered
thin film on top (PGO CEC010S, typically 8:5 �=h, or,
equivalently, � ¼ 1:6� 10�4 � cm, total surface rough-
ness 4 nm RMS). We have measured the reflection and
transmission spectra of both plates in the wavelength range
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FIG. 2 (color). (a) Spatial derivative of the total force as a
function of absolute surface separation for the Au-Au (green
squares) and Au-ITO (red squares) interactions for randomly
chosen subsets of the data (150 out of 580 for both cases). The
blue line represents the derivative of the electrostatic force
caused by the simultaneous calibration procedure (common to
both the gold and ITO measurements). The black lines indicate
the calculated Casimir forces with the electrostatic background
added. (b) Spatial derivative of the Casimir force, with the
electrostatic background subtracted from the data. The black
lines correspond to the calculations of the Casimir force.
(c) Histograms of 580 force measurements for Au-Au and Au-
ITO at d ¼ 120 nm. (d) Same as c, but for d ¼ 80 nm.
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180 nm< �< 2:5 �m, and observed that the optical
properties of our films are in agreement with the literature
[20,21].

Figure 2(a) presents measurements of the force between
the sphere and the plates coated with either Au or ITO [22].
The experimental data represent the spatial derivative of
the total force (normalized by the sphere radius R), which
is the sum of the Casimir interaction, a Coulomb inter-
action induced by the presence of trapped charges (if
any), and an electrostatic attraction due to the ac calibra-
tion potential. The strength of the latter can be estimated
from the simultaneous calibration procedure [18]. From
Fig. 2, it is evident that this electrostatic contribution,
which is anyway equal in both experiments (within 2%),
is small compared to the total force signal. The black lines
in Fig. 2(a) are computations of the Casimir force using the
Lifshitz theory [23] with dielectric functions calculated as
in [21] (for ITO) and [24] (for Au); the electrostatic force
due to the calibration potential is added to the theory in
order to compare with the raw data. The calculation of the
Casimir force should only be considered approximate,
because the dielectric functions of the samples are not
known precisely [25], and no surface roughness correc-
tions are applied [22]. Still, the agreement between the
calculation and the data shows that the Casimir effect
largely dominates any Coulomb interaction that would
have been otherwise observed in the presence of a signifi-
cant amount of trapped charges. Figure 2(b) shows the data
and theory on a double logarithmic scale, where we have
subtracted the electrostatic background due to the ac cali-
bration potential using the simultaneously obtained cali-
bration data. At small separations d < 60 nm, both data
sets curve upwards, which might be a sign of surface
roughness effects. At separations d > 120 nm, the experi-
mental data for the Au-Au Casimir interaction start to
deviate significantly from the theory because of an artefact
caused by reflections from the optical lever light by the
sample. This reflected light reaches the photodetector and
causes a background signal that is not related to any force.
This artefact is common to all optical lever based AFM
techniques, and the related signal is typically assumed to
be linear in the piezo extension and subtracted from the
data accordingly [26]. Because the reflectivities of our two
samples are so different, we prefer to refrain from such a
procedure, and present the data as is. In Figs. 2(c) and 2(d)
we show histograms of all the obtained measurements for
the derivative of the Casimir force for two specific sepa-
rations (d ¼ 120 nm and d ¼ 80 nm). The histograms at
d ¼ 80 nm can be described by Gaussians with a standard
deviation of roughly 5%, which means that our method
provides a precision in the mean measured Casimir force
derivative of 0.2%. It is evident from the histograms that
the spatial derivative of the Casimir force between a Au
and an ITO surface is roughly ’40%–50% smaller than
between two Au surfaces. In our geometry (i.e., for sepa-

rations much smaller than the radius of the sphere), the
spatial derivative of the force is proportional to the pressure
between two parallel plates [23]. We can thus conclude that
the Casimir pressure that one would measure between a
Au plate kept parallel to an ITO plate would be roughly
’40%–50% smaller than in the case of two Au plates.
Even though the agreement between the theoretical

prediction and the measurement of the Casimir force in
both situations is good, one might still argue that the
observed decrease could be mimicked by drifts in d0. For
both measurements series, we gathered 580 data sets con-
tinuously, which allows us to directly assess the run-to-run
drift of d0. Because of the temperature stabilization of our
setup, the mechanical drift is very small at ’0:1 nm and
’0:2 nm per run for the Au-Au and the Au-ITO experi-
ments, respectively. We conclude that the decrease of the
Casimir force cannot be ascribed to drifts in d0. We have
also verified that the electrostatic force used to calibrate the
instrument and extract d0 follows what expected from
elementary electrostatic arguments, as suggested in [27]
and discussed in [16]. Concerning the compensation volt-
age, we observed that V0 varies approximately 1 mV and
3 mVover the complete measurement range in the Au-Au
and Au-ITO cases, respectively [28]. These slight varia-
tions of V0 do not compromise the measurement of the
Casimir force at the current level of sensitivity.
Finally, the different surface roughnesses of the sphere

and the plates also influence the strength of the Casimir
effect. Since both experiments are conducted with the same
sphere, the difference in the observed Casimir force can
never be due to the surface roughness of the sphere.
Second, we recall that the surface roughness of the ITO
sample is larger than that of the Au substrate. Since surface
roughness enhances the Casimir force [29] we note that, if
it played a role in the probed separation range, it would
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FIG. 3 (color). Hydrodynamic force acting on the sphere as a
function of the absolute separation d for Au-Au (green squares)
and Au-ITO (red squares), for the data sets shown in Figs. 2(a)
and 2(b).
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lead to a stronger interaction between Au and ITO than
between two Au surfaces, contrary to the measurements
presented in Fig. 2.

To make our claim even more robust, we can now
compare the hydrodynamic force observed during the
two experiments. Because the geometrical configuration
of the experiment is equal in both cases, we expect to
measure the same hydrodynamic force. The results are
shown in Fig. 3. It is clear that the hydrodynamic force is
very similar in both cases, although there exists a slight
discrepancy between the two curves (’2%). Since both
curves are parallel on a double logarithmic scale, we con-
clude that this discrepancy cannot be ascribed to a differ-
ence in the calibration of d0. Therefore, we rule out that the
large difference in the Casimir force reported in Fig. 2 be
due to an error in the determination of d0.

In conclusion, we have demonstrated that an ITO coat-
ing of one of the two surfaces is sufficient to readily create
situations where the Casimir force is still the dominant
interaction mechanism regardless the presence of air in the
surroundings. Since ITO is transparent over a wide range of
frequencies, the Casimir attraction is up to a factor of 2
smaller when compared to the case of the Au-Au interac-
tion, leaving ample room for Casimir force engineering
even at ambient conditions, where MEMS and NEMS
typically operate.
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