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Electrically switchable Casimir forces using transparent conductive oxides
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Casimir forces between charge-neutral bodies originate from quantum vacuum fluctuations of electromagnetic
fields, which exhibit a critical dependence on material’s electromagnetic properties. Over the years, in situ modu-
lation of a material’s optical properties has been enabled through various means and has been widely exploited in
a plethora of applications such as electro-optical modulation, transient color generation, bio- or chemical sensing,
etc. Yet Casimir force modulation has been hindered by difficulty in achieving high modulation signals due to
the broadband nature of the Casimir interaction. Here we propose and investigate two configurations that allow
for in situ modulation of Casimir forces through electrical gating of a metal-insulator-semiconductor junction
comprised of transparent conductive oxide (TCO) materials. By switching the gate voltage on and off, a force
modulation of >400 pN is predicted due to substantive charge carrier accumulation in the TCO layer, which
can be easily measured using state-of-the-art force measurement techniques in an atomic force microscope. We
further examine the influence of the oxide layer thickness on the force modulation, suggesting the importance
of the fine control of the oxide layer deposition. Our work provides a promising pathway for modulating the
Casimir effect in situ with experimentally measurable force contrast.
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I. INTRODUCTION

Quantum vacuum fluctuations of electromagnetic fields
are a fascinating quantum-mechanical effect, manifested by
a multitude of celebrated physical phenomena such as Lamb
shift, spontaneous emission, and the anomalous magnetic mo-
ment of electron and surface wetting [1]. Among them is the
Casimir effect, named after H. B. G. Casimir who, in 1948,
predicted an attractive force between two perfectly conducting
parallel plates that scales with the plate-plate separation d as
∝ d−4 [2]. This force, manifested as a macroscopic quantum
effect, was first calculated by considering the perfectly reflec-
tive boundary condition of ideal metal plates imposed on the
quantum vacuum fields, which alters the spatial distribution
of the zero-point energy density compared with free space
by quantum field theory. Since the discovery, the Casimir
effect has been of fundamental research interest on its own as
well as through its connection to other fields in fundamental
physics (e.g., exploration of gravity at the microscale, search
for extra forces, and testing of the prediction of new physics
beyond the standard model [3–7]). In the meantime, it has also
brought about significant implications in nanotechnology, par-
ticularly in micro- or nanoelectromechanical systems (MEMS
or NEMS) where devices are engineered with movable parts
on the micro- or nanoscale such that those quantum effects
become significant [8–11].

*Corresponding author: taogong@ucdavis.edu
†Corresponding author: jnmunday@ucdavis.edu

As a direct manifestation of the boundary condition depen-
dence of the quantum fluctuations, if the perfectly reflective
boundary of the interacting bodies is relaxed to a finite con-
ductivity, the vacuum fluctuation interaction between two
bodies can be described approximately by impedance bound-
ary conditions with finite penetration depth. Alternatively, the
Casimir effect can be interpreted as resulting from the coher-
ent oscillations of dipole moments of a large number of atoms
in the bodies, which renders the material influence on the force
in a nonintuitive manner. Most generally, the calculation of
this effect should rigorously consider the interaction energy
with the frequency-dependent dielectric function of the in-
volved materials. Consequently, the magnitude and/or the sign
of the Casimir force can be dramatically altered if the interact-
ing materials (and the intervening medium) are appropriately
chosen [12–21]. For instance, it has been demonstrated that
the Casimir force between an Au-coated sphere and a trans-
parent conductive oxide (TCO) film is nearly half of the value
found between two noble metal films [14,22]. On the other
hand, the force between an Au sphere and a silica film im-
mersed in certain liquid solutions (e.g., bromobenzene) were
measured to be repulsive [16].

The material dependence of the Casimir force has also pro-
voked the pursuit of direct force modulation by modifying the
optical properties of the materials. Modulation of the Casimir
force is of potentially profound technological significance in
MEMS or NEMS. For example, unwanted stiction or adhesion
between movable parts can occur due to Casimir interactions
as MEMS or NEMS devices continue to miniaturize [8,9,23].
Reduction in force magnitude is paramount to mitigate these
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issues. On the other hand, the Casimir effect can also be
exploited as an external force to actuate the micro- and nan-
odevices with quantum fluctuations where increased force
magnitude may be desired [24–26]. Appropriate doping in
semiconductors can readily modify the charge carrier density,
giving rise to notable alteration of their optical properties
and the resulting forces [27–29]. In addition, marked force
contrast has been demonstrated or predicted for configura-
tions based on phase-change materials in their different states
[30–35].

However, the above-mentioned techniques usually require
nontrivial thermal treatment and the force modulation is not
in situ. In situ force modulation helps to control the actua-
tion dynamics through dynamic switching between high-low
force states, which is indispensable for many MEMS or
NEMS devices (e.g., switches, oscillators, parametric ampli-
fiers, nanometric position or force sensors, etc.) to properly
operate or to combat unwanted stiction between adjacent com-
ponents [36–38]. To date, in situ Casimir force modulation
has mostly been carried out through the drive of mechanical
motion of one of the bodies. There have been few attempts
at in situ Casimir force modulation in response to exter-
nal stimuli due to experimental difficulties that arise when
modulating the optical properties of materials in Casimir
measurement configurations. Chen et al., for example, have
achieved optical modulation of the Casimir force with up
to a few pN variation between an Au-coated sphere and
a single-crystalline Si membrane through the excitation of
charge carriers in the semiconductor using a pulsed Ar laser
[39,40]. However, laser-induced Casimir force modulation
undergoes undesired artifacts such as heating and exerted
optical forces, which can further complicate the experimental
consideration. Alternately, using phase-change materials for
in situ operation is anticipated to face substantial challenges
due to protective layers and volume compression upon phase
transition [31,37].

From the perspective of charge carrier density modula-
tion, electrical biasing or gating is a high-speed modulation
technique which is generally easier to operate, less power-
consuming, and less prone to the above-mentioned artifacts
compared to many other techniques. In particular, metal-
insulator-semiconductor (MIS) junctions comprising TCOs
such as ITO (i.e., indium tin oxide) have been widely em-
ployed in high-speed electro-optical modulators where the
optical responses of the devices can be adapted on demand
by tuning the gate voltage, as ITO exhibits gate-controllable
optical properties through charge carrier accumulation or de-
pletion at ultrafast speed [41–47]. From the perspective of
the intrinsically broadband nature of Casimir effect, profound
modification of the optical property from the IR up to the
UV with the change of carrier density would also render ITO
a great candidate material for modulating the force [14,48].
However, studies on gating-enabled Casimir force modulation
are sparse. One recent theoretical work reported the Casimir
interaction between a gold platelet and a multilayer stack con-
sisting of a MIS junction made of ITO-Teflon-gold immersed
in a liquid environment. It was predicted that the platelet
can switch between a “trapped” state and a “released” state
by varying the charge carrier density in the ITO layer [49].
Nonetheless, to the best of our knowledge, gate-switchable

FIG. 1. Two proposed configurations for actively switchable
Casimir forces. A gold sphere of radius R = 100μm is brought
close to a metal-insulator-semiconductor (MIS) junction consisting
of an Au layer and an ITO layer sandwiching an Al2O3 ultrathin
film. When the junction is gated, the charge carrier density at the
interface between the oxide and ITO is significantly increased, form-
ing an ultrathin accumulation layer with modified optical properties
compared to the otherwise as-deposited ITO film due to the charge
accumulation. The Casimir force between the Au sphere and the MIS
junction is thus modified. The orientation of the MIS junction is
different for the two configurations, as (a) the Au film faces the Au
sphere and (b) the ITO layer faces the Au sphere.

Casimir forces in an experimentally amenable configuration
with pragmatic material and structural parameters and suffi-
ciently measurable force contrast between the “on” and “off”
state are still missing.

In this work, we propose two configurations to realize gate-
switchable Casimir forces which can be directly deployed in
well-established experimental setups. For both configurations
the Casimir interaction would be measured between an opti-
cally thick Au film-coated sphere, which could be attached
to an atomic force microscope (AFM) cantilever for force
detection, and a gate-controlled MIS junction consisting of
Au−Al2O3−ITO planar films with an applied gate voltage.
Two potential configurations are considered (Fig. 1). In con-
figuration I, the ITO film is optically thick and coated by
ultrathin layers of Al2O3 and Au. Configuration II is inverted,
with a thick film of Au coated with ultrathin layers of Al2O3

and ITO. With a reasonable gate voltage range (0–6 V), the
charge carrier density in the ITO accumulation layer can in-
crease by more than an order of magnitude from 1019 cm−3

to (4–6) × 1020 cm−3. At short separations (10–50 nm) be-
tween the sphere and the MIS stack, the force modulation
magnitude is found to reach up to ∼ 15 pN for configuration
I and up to >400 pN for configuration II, both of which
far exceed the measurement sensitivity of the state-of-the-art
force measurement techniques using an AFM. Further, we find
that the thickness of the ultrathin oxide layer between the two
electrodes plays a significant role in determining the modu-
lation strength, whose value is enhanced by up to 1.7 times
when the thickness is reduced from 3 to 2 nm. Our results
demonstrate the intriguing prospect of achieving high-speed
switchable Casimir forces in situ through electrical gating and
provide a rational design for future experimentation.
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II. RESULTS AND DISCUSSION

Figure 1 illustrates the two configurations mentioned
above. The radius of the Au-coated sphere is set to be 100 μm,
a common value reported in literature [14,27,39,48,50–54] for
Casimir force measurements using an AFM. The spherical
geometry avoids the alignment problem for two large parallel
plates and has been a well-established force measurement
configuration in AFM. The Al2O3 layer thickness tox in the
MIS junction is set to be 3 nm, which can be precisely con-
trolled using the atomic layer deposition (ALD) technique
[55–57]. The top coating layer (Au for configuration I and
ITO for configuration II) is set to be thin (5 nm) to warrant
a sufficiently large modification to the force while ensuring
reasonably good conductivity of the film [43,46,58–60]. In
both configurations, the ITO serves as both the active layer
for charge carrier density modulation and the electrode for ap-
plying gate voltage. Besides, ITO conducts sufficiently well to
eliminate surface trap charges which would otherwise obscure
the measurement of the Casimir force [14]. Note that the top
layer (Au in configuration I and ITO in configuration II) is
grounded and therefore a negative bias is applied in config-
uration I whereas a positive bias is applied in configuration
II to the substrate to form the charge accumulation layer at
the interface between ITO and the oxide, which is typically
1–3 nm thick [42–46,61,62].

To quantify the charge accumulation effect at the ITO-
oxide interface, we utilize a simple capacitance model across
an MIS junction which assumes a uniform carrier density
in the ultrathin accumulation layer, as widely adopted in
literature [42,47,60–62]. The average thickness tacc of the
accumulation layer due to carrier injection in a standard MIS

junction is given by [63] tacc = π√
2

√
kBT ε0εS

N0q2 , where kB is the

Boltzmann constant, T = 300 K is the room temperature, ε0

is the free-space permittivity, εS = 9.3 is the relative static
permittivity of ITO [42,44,46], q is the electron charge, and
N0 is the initial carrier density in the ITO layer. In practice, the
carrier density in ITO as deposited is dependent upon the de-
position processes and annealing conditions [64,65], thus can
vary by as large a range as 1019–1021 cm−3. We set the ITO
initial carrier density as 1 × 1019 cm−3 for our computation,
the same as reported in the literature [46,47,61], which yields
tacc = 2.56 nm. When a gate voltage Vg is applied across the
junction, the carrier density in the accumulation layer can be
written as

Nacc = N0 + ε0εoxVg

qtoxtacc
, (1)

where εox = 9 denotes the relative static permittivity of Al2O3

[44,60,66]. Here we restrict Vg < 6 V to avoid electrical
breakdown of the oxide [56,57,67], which increases the carrier
density in the accumulation layer to about 4 × 1020 cm−3,
more than an order of magnitude larger than the initial value.
Such a profound modulation of carrier density via gating in
ITO-based MIS junctions has also been reported by a number
of experimental works [41,46,47,61,68].

The Casimir force between a sphere with radius R and
a planar structure at a separation d is given by the Lifshitz
formula using proximity force approximation (PFA) provided

R � d [8,69]:

F (d ) = kBT R
∞′∑

m=0

∫ ∞

0
k
[

ln
(
1 − rTE

1 rTE
2 exp(−2k⊥d )

)

+ ln
(
1 − rTM

1 rTM
2 exp(−2k⊥d )

)]
dk, (2)

where k is the lateral wave number, k⊥ =
√

k2 + ξ 2
m

c2 is the
vertical wave number in the intervening medium (air), ξm =
2πkBT

h̄ m denotes the Matsubara frequencies, the prime sign on
the summation means the zero-frequency term is multiplied
by half, and rσ

i (i = 1, 2 and σ = TE, TM) represent the
reflection coefficients at the interface between air and medium
i (note: the Au sphere is medium 1 and the MIS stack is
medium 2 for our configuration) for imaginary frequency ξm

and lateral wave number k under TE and TM polarizations.
The reflection coefficients off the surface of the stack are com-
puted using the transfer matrix method (TMM) [49]. Because
the reflection depends naturally on the material’s broadband
dispersion (dielectric function) and the object’s geometry and
size, so does the resulting force.

We apply dielectric function data or models for the
materials using the most often utilized data for Casimir
force calculations. The optical data for Au are obtained
from Palik’s handbook, extended to lower energies using a
Drude model with parameters ωp = 9 eV and γp = 0.035 eV
[13,14,27,54,70,71]. The dielectric function for Al2O3 is mod-
eled using a dual-oscillator Lorentz model [12,72]. For ITO,
we apply the dielectric function constructed by the sum of
Drude and Tauc-Lorentz models using the parameters found
in the literature [14,54]. In the Drude term, the plasma fre-
quency is directly related to the charge carrier density by ωp =√

Nq2/ε0m∗, where N is the charge carrier density and m∗ is
the charge carrier effective mass. Fig. 2(a) shows the dielectric
functions of the above-mentioned materials. As expected, the
permittivity values with respect to Matsubara frequencies for
the accumulation layer in ITO lie between those for Au and
Al2O3 and monotonically increase with applied gate volt-
age as a result of augmented carrier density, which renders
the interface more “metallic.” The calculated Casimir forces
for both configurations under zero gate voltage are shown
in Fig. 2(b). We note that they exhibit commensurate force
magnitudes in this separation range.

When a gate voltage is applied across the junction, the
force magnitude is modified due to the change of charge
carrier density in the accumulation layer (Fig. 3), which ul-
timately alters the overall reflection at the top surface of the
stack. The force modulation �F (compared with zero gate
voltage) is over an order of magnitude larger for configuration
II compared to configuration I. Further, we find that the force
modulation reaches >400 pN when the separation is reduced
to 10 nm with an applied bias of 6 V. Contrastingly, the force
modulation is much less than 1 pN with separations greater
than 50 nm. Note that the positive values for �F means
the force becomes more attractive when the gate voltage is
turned on, in agreement with the intuition that the stack be-
comes more metallic as a result of charge carrier injection.
We also note that while the absolute force modulation �F
always decreases monotonically with increasing separation,
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FIG. 2. (a) Dielectric functions for different materials with respect to the Matsubara frequencies at room temperature. The dielectric
function of the ITO accumulation layer monotonically increases with applied gate voltage (oxide thickness is 3 nm in the MIS junction). Inset
shows the carrier density increase in the accumulation layer in ITO with applied gate voltage. (b) Casimir force between the sphere and the MIS
stack under zero gate voltage as a function of separation. The solid and dotted line represent the force for configuration I and II, respectively.

the relative modulation �F/F behaves differently for the
two configurations: In configuration I, �F/F reaches optimal
values at an intermediate separation (on the order of 100 nm),
whereas �F/F monotonically rises with reduced separation
in configuration II, reaching the value of ∼ 1.3%, larger than
the highest reported 1% for in situ force modulation, to the
best of our knowledge [39].

At a fixed separation, the force modulation varies as a
function of both the applied voltage bias and insulating layer
(Al2O3) thickness (Fig. 4). We find similar behavior for con-
figurations I and II [Figs. 4(a) and 4(d), respectively], with
more pronounced variations for configuration II. For both con-
figurations, �F monotonically increases with increasing gate
voltage due to the enhanced reflection of the structure with
increased carrier density. Figure 4(c) shows how the force
modulation is controlled by the gate voltage at a separation
of 20 nm with two different oxide thicknesses. The reduction
of the thickness from 3 to 2 nm enhances the modulation
magnitude by more than 60%, resulting in �F ∼ 8 pN for a
6-V gate voltage. The strong dependence of the force change
on the oxide thickness is attributed to the change of carrier
accumulation at the ITO-oxide interface. With a 2-nm-thick

oxide layer, the carrier density reaches 5.93 × 1020 cm−3 with
a 6-V gate voltage, about 1.5 times that for a 3-nm oxide
layer. One caveat of utilizing a thinner oxide layer is that the
maximum gate voltage to be applied is further constrained by
the breakdown field strength of the oxide. Fortunately, precise
control of the oxide layer at the level of subnanometer scale
is made possible by advanced deposition techniques such as
ALD [67].

Compared with configuration I, the modulation for con-
figuration II [Figs. 4(d)–4(f)] is on average one order of
magnitude stronger in the separation range we considered,
which allows for a measurable force modulation even with
just 1 V gate voltage switched on and off. This behavior can
be ascribed to the closer distance between the charge accu-
mulation layer and the Au sphere, leading to a much greater
reflection change at the top surface of the stack. Because the
force modulation magnitude is significantly greater for this
configuration, we anticipate that configuration II will be much
easier to embody in experiment. Likewise, reduction of the
oxide thickness to 2 nm increases �F by 1.2–1.3 times, as
shown in Fig. 4(f). One interesting visual distinction between
the two configurations is how �F scales with the gate voltage

FIG. 3. Force modulation as a function of separation under the gate voltage of (a) 1 V and (b) 6 V. The force change in configuration II
is on average more than one order of magnitude larger than in configuration I. The solid and dotted lines represent the force modulation for
configuration I and II, respectively. Black (for left vertical axes) and blue (for right vertical axes) lines represent the absolute and relative force
modulation, respectively.
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FIG. 4. Modulation of the Casimir force with applied gate voltage and oxide layer thickness. (a) Schematic of configuration I showing
(b) the force change at different separations with an oxide thickness of 3 nm in the MIS junction. (c) Force change at a fixed separation of 20
nm, with two different oxide thicknesses (2 and 3 nm, respectively). (d)–(f) Same as (a)–(c) but for configuration II.

Vg (and the resulted variation of the carrier density Nacc). In
configuration I, �F increases almost linearly with Vg. Con-
trastingly, the variation of �F with Vg is more nonlinear in
configuration II. Nonetheless, the visually perceived linearity
for configuration I is merely the result of very small force
modulation values. This behavior is another manifestation of
the highly complex nature of the relation between a material’s
local optical properties and the force.

From an experimental point of view, state-of-the-art AFM
techniques with a sphere-planar configuration feature a force
measurement sensitivity of 1–5 pN [73–76] to as small as a
few fN [28,77]. This indicates that to obtain a measurable
force modulation, the less sensitive measurement techniques
would require a separation of less than 30 nm while the gate
voltage is switched between 0 and 6 V. To reach these small
separations, which have been achieved in other experiments
[12,53,76,78,79], the jump-to-contact (JTC) distance and the
surface roughness should be reduced. This reduction can be
obtained by increasing the cantilever stiffness and by reduc-
ing the sphere size. While increasing the cantilever stiffness
can also reduce the sensitivity, there are ways to counteract
this reduction. Because the force modulation is generated by
switching the gate voltage on and off, it can, in principle,
be directly measured with a better sensitivity using a lock-in
amplifier by referencing the voltage on-off control signal at a
particular modulation frequency (∼ 100–1000 Hz) for phase
locking. In fact, Chen et al. employed a similar technique
to measure the laser-induced force modulation, reducing the
measurement noise to the level of 0.1–0.5 pN [39,40]. As a
final comment about the potential experimental realization
of electrical modulation of the Casimir force, care must be
taken to ensure that no residual electrostatic forces obscure

the measurement. Electrostatic force cancellation is typically
performed by applying a counterbias between the sphere and
a grounded plate. For the configurations that we propose, the
plate closest to the sphere could be grounded and the junction
bias can be applied via the back electrode relative to this
ground. In that way, two counterbiases can be applied: one to
the sphere and one to the backside of the junction. It was also
found in a previous experiment with laser illumination that
a variation of the charge density can result in a modification
to the residual electrostatic potential, which can be nullified
during the experimental procedure [39]. We note that even
after compensation, there can still exist a voltage error of the
order 0.4–1.5 mV [22,48,54]. Assuming an error of 1 mV, the
residual electrostatic force at varying sphere-plate separation
is calculated to be 0.1–0.28 pN at separations below 30 nm.
Consequently, the measurement of modulated force would not
be obscured by the uncertainty due to the electrostatic force
provided proper voltage compensation is applied.

III. CONCLUSION

In summary, we theoretically investigated two configura-
tions for potential implementation of gate-switchable Casimir
forces, both of which are composed of a gate-controlled MIS
junction of Au−Al2O3−ITO planar films, with different ori-
entations towards a gold-coated sphere attached to an AFM
cantilever. The charge carrier density in the ITO accumu-
lation layer formed at the interface between ITO and the
oxide layer can be tuned substantially from 1019 cm−3 to
(4–6) × 1020 cm−3 via gating. As a result, a force modula-
tion magnitude reaches up to >400 pN with a gate voltage
of 6 V, far exceeding the measurement sensitivity with the
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state-of-the-art AFM force-measurement techniques. Further-
more, a reduction of the oxide layer thickness from 3 to
2 nm can increment the force modulation magnitude by up
to 70%, which indicates that the precise control of the oxide
layer thickness via advanced deposition techniques such as
ALD is paramount for force modulation. Our results show the
great promise of utilizing TCO materials to realize switchable
Casimir forces with a pronounced force contrast, which may

create new opportunities for in situ control and modulation of
movable parts in nanomechanical devices and systems.
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