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Gate-tunable Casimir equilibria with transparent conductive oxides
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The active control of small particles due to the Casimir force is of great interest for noncontact and low-friction
micro- and nanoelectromechanical systems (MEMS and NEMS). In this work, we study theoretically the Casimir
force between a nanoplate and a metal-oxide-semiconductor (MOS) substrate immersed in a liquid environment.
The MOS structure consists of layers indium-tin-oxide (ITO)/Teflon/Au, where a gate electrode is connected
between the ITO film and the gold substrate. Our results suggest that the Casimir equilibria are determined,
not only by the layer thicknesses in MOS structures but also by the carrier densities of ITO (gate-controllable).
Under proper conditions, a gold nanoplate can be stably trapped due to the Casimir forces. Moreover, we show
that the trapping state can be released by decreasing the carrier density in the active layer of ITO, e.g., from
1021 to 1019 cm−3. The switching between stable trapping and the release state of a suspended Teflon nanoplate
is also demonstrated. Our findings can be useful in designing ultrafast switchable devices for applications in
MEMS/NEMS.
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I. INTRODUCTION

The Casimir force is a macroscopic quantum effect due to
the fluctuations of the electromagnetic field [1]. It has been
confirmed experimentally that the Casimir forces between two
metallic objects are attractive (see the review [2] and recent
progress [3,4]). In the wrong hands, the attractive Casimir
forces can be adverse for micro- and nanoelectromechan-
ical systems (MEMS and NEMS) [5], due to the caused
stiction at nanoscale separations [6,7]. With that in mind,
repulsive Casimir forces are proposed and investigated for
noncontact and low-friction MEMS and NEMS based on
various materials [8–15]. It is known that the Casimir forces
between two liquid-separated objects (labelled 1 and 2) can be
repulsive when the permittivity satisfies ε1(iξ ) > εliq(iξ ) >

ε2(iξ ) for a vast range of frequency [16,17], where εliq(iξ )
is the permittivity of the intervening liquid evaluated with
imaginary frequency ω = iξ . The balances between repulsive
and attractive Casimir forces give rise to Casimir equilibria.
In certain configurations, stable Casimir equilibria (or called
quantum trapping) can be realized using the enclosed ge-
ometries [18,19] and dispersive materials [20,21]. Recently,
stable Casimir equilibria were reported experimentally by
Zhao et al., based on a Teflon-coated gold substrate [22].
Although considerable progress has been made, not much
attention has been paid to the question of how Casimir equilib-
ria can actively be controlled. The trapping properties due to
Casimir forces are difficult to be changed once the devices are
fabricated. For that reason, tunable Casimir equilibria or even
the switching from quantum trapping to its release by external
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stimuli (e.g., heating, electrical gating, or optical waves) are
of great interest in MEMS and NEMS.

To tune the Casimir forces, one straight scheme indicated
by the Lifshitz theory [23] is to modulate the dielectric func-
tions of materials actively. Indeed, there are several pioneer
works carried out with this mind. In 2007, Chen et al. showed
that Casimir forces could be modified under an applied laser
[24]. The modification is related to the change of charge-
carrier density(i.e., the dielectric functions) in doped semicon-
ductors under an optical lasing. In 2011, Chang et al. reported
that Casimir forces can be modulated after the UV treatment
on indium-tin-oxide (ITO) films [25], although the underlying
mechanism for the modulation is still a controversy nowadays
[26,27]. The modulations of Casimir forces between graphene
sheets were also reported due to the change of conductivities
under external stimuli [28–31]. Another outstanding scheme
to control the Casimir force is based on phase change materi-
als (PCMs) [32–34]. The optical properties of PCMs change
dramatically during the phase transition under external control
(e.g., heating and optical pumps). It was reported that the
Casimir forces could be modified considerably as the phase
transitions occur in PCM of Ag5In5Sb60Te30 (AIST) [32,33].
In 2018, M. Boström et al. showed that the Casimir force
can be switched between attraction and repulsion with PCM
of tin [34]. In addition, the PCM of VO2 was also used to
modulate the magnitude of Casimir forces [35–38]. Recently,
we proposed the idea of tunable Casimir forces in a liquid
environment, using PCM of VO2 [39]. Not only the magnitude
of the Casimir force can be modified, but also the sign (e.g.,
from attraction to repulsion) can be switched. As a result, the
switching between quantum trapping of a nanoplate and its
release is possible due to the phase transition of VO2 [39].
However, the transition temperature Tc around 340 K could be
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a constraint for some liquids whose boiling points are lower
than Tc.

The metal-oxide-semiconductor (MOS) devices are basic
building blocks in modern electronics. The MOS devices can
also provide an excellent platform for kinds of electro-optic
modulations [40–43], resulting from the dramatic change of
the carrier density in semiconductors with an ultrahigh speed.
In present work, we aim to theoretically design gate-tunable
Casimir equilibria by a ITO-based MOS systems. There is a
gate electrode connected between the ITO layer and the gold
substrate. As the voltage is applied, an active layer forms
between the ITO/Teflon interface. The density of electron
at the active layer is modulated by the gate electrode, re-
sulting in a dynamic control of Casimir forces. Remarkably,
we find that a switch from quantum trapping of the gold
nanoplate(“on” state) to its release (“off” state) can be realized
as the carrier density decreases in the active layer. In addition
to gold nanoplates, the gate-tunable Casimir equilibria of
Teflon nanoplates are also demonstrated. Instead, we find that
a switch from quantum trapping to its release can be induced
as the carrier density increases, e.g., from 1019 to 1021 cm−3,
which is accessible in nowadays experiments.

II. THEORETICAL MODELS

The system under study is schematically shown in Fig. 1.
We consider a gold nanoplate with thickness L0 is suspended
in a liquid environment of bromobenzene. The bromobenzene
can be considered as a high-refractive-index liquid and its
melting point is around 240 K. The substrate is a multilayer
stack, and it consists of a Teflon film deposited on the MOS
structure of ITO/Teflon/gold. There is an active layer located
next to the interface between the ITO and the Teflon. The

FIG. 1. Schematic view of a gold nanoplate suspended in a liquid
environment. The separation between the gold nanoplate and the
substrate is d . The substrate consists of a Teflon film deposited on the
MOS structure of ITO/Teflon/gold. An electrical gating is connected
between the layers of ITO and gold. The carrier densities for the
active and nonactive (background) layers of ITO are denoted as Na

and Nb. The magnitude of Na is controlled by the applied gating,
leading to the modulation of Casimir forces.

layer thicknesses (from top to down) for the top-layer Teflon,
background ITO, active ITO, and middle Teflon are denoted
as LT 1, LI − La, La, and LT 2, respectively. Here, La is set as
a typical value of 1 nm [40,43]. The carrier density in the
active layer (denoted Na) is considered homogeneous, and its
accumulation (or depletion) is controlled by external voltage
gating. For simplicity, the proximity force approximation
(PFA) is applied for the calculations because of the in-plane
dimension is much larger than the separation d . The Casimir
force is calculated by Fc = −∂Ec(d )/∂d , where Ec(d ) is the
Casimir energy between the gold nanoplate and the substrate,
having the form [15,22]

Ec(d ) = Ah̄
∫ ∞

0

dξ

2π

∫
d2k‖
(2π )2

log det[1 − R1 · R2e−2Kl d ],

(1)

where h̄ is the reduced Planck constant, A represents
the in-plane area, k‖ is the parallel wave vector, Kl =√

k2
‖ + εliq(iξ )ξ 2/c2 is the vertical wave vector in the liquid,

c is the speed of light in vacuum, R1,2 is the 2 × 2 reflection
matrix, given by

Rj =
(

rs
j 0

0 rp
j

)
, (2)

where r j with j = 1 and j = 2 are the reflection coefficients
for the upper and lower layered structures, and the superscripts
s and p correspond to the polarization of transverse electric
(TE) and transverse magnetic (TM) modes, respectively. For
a nanoplate suspended in a liquid, the reflection coefficients
can be given analytically as follows [12]

rα = rα
0 j + rα

j0e−2Kj L0

1 + rα
0 jr

α
j0e−2Kj L0

, (3)

where α = s and p, Kj =
√

k2
‖ + ε j (iξ )ξ 2/c2 with ε j (iξ ) be-

ing the permittivity of the nanoplate. The subscripts of rα
mn

represent the light is incident from the medium m to n (0
means the liquid). Alternatively, the reflection coefficients
for layered structures can be calculated by a transfer matrix
method. The general form is given as r = M21/M11, where
M21 and M11 are the elements of the M matrix [44]. The M
matrix is the multiplications of transmission matrices across
different interfaces and propagation matrices in different lay-
ers. If we consider an arbitrary N-layer system, the M matrix
is given as:

M = D0,1P(L1)D1,2P(L2)...DN−1,N P(LN )DN,N+1, (4)

where Lj ( j = 1, 2, 3...) is the thickness of the jth layer, the
transmission matrix Dj, j+1 is given as:

Dj, j+1 = 1

2

[
1 + η 1 − η

1 − η 1 + η

]
, (5)

where η = ε j (iξ )Kj+1/(ε j+1(iξ )Kj ) for the p polarization and
η = Kj+1/Kj for the s polarization. For the s and p polariza-
tions, the propagation matric in the jth layer is all written as:

P(Lj ) =
[

eKj L j 0
0 e−Kj L j

]
. (6)
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FIG. 2. The permittivity of gold, bromobenzene, doped ITO, and
Teflon as a function of imaginary frequency.

For example, we have a layer number N = 4 for the mul-
tilayered substrate in Fig. 1. The M matrix is written as
M = D0,1P(L1)D1,2P(L2)D2,3P(L3)D3,4P(L4)D4,5, where the
subscripts 0, 1, 2, 3, 4, and 5 represent the media of liq-
uid, Teflon, background ITO, active ITO, Teflon and gold
(from top to down), and the thicknesses L1 = LT 1, L2 = LI −
La, L3 = La, L4 = LT 2.

The dielectric functions of materials are significant for
designing the Casimir forces. Here, the generalized Drude-
Lorentz model is applied for gold, where four pairs of
Lorentz poles are taken into account [45]. The permittivity
for the bromobenzene and Teflon are fitted by the oscillator
model [17]:

ε(iξ ) = 1 +
∑

j

Cj

1 + (ξ/ω j )2
, (7)

where Cj corresponds to the oscillator strength for the jth res-
onance frequency ω j . There are seven (eight) resonant terms
for the permittivity of bromobenzene (Teflon), and the values
of the parameters (Cj and ω j) can be found in Refs. [17,39].
On the other hand, the permittivity for the doped ITO is given
by the Drude model [40]:

ε(iξ ) = ε∞ + ω2
p

ξ 2 + ξγp
, (8)

where ε∞ = 3.9 is the high-frequency permittivity, γp =
1.8 × 1014 rad/s is the electron relaxation frequency, ωp =√

Ne2/εom∗ is the plasma frequency and N represents the
charge carrier density, e and εo denotes electron charge and
the permittivity of vacuum, and m∗ = 0.35 me is the effective
mass of charge carriers with me being the electron mass.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the dielectric functions of employed mate-
rials in this work. Obviously, the permittivity ε(iξ ) of gold has

a highest value for a broad range of frequencies, which can
be considered as a high-quality mirror. The Teflon is a low-
refractive-index material because its permittivity is smallest.
As a result, the Casimir force is long-range repulsive for
the layer structure of gold/bromobenzene/Teflon. Instead, the
Casimir force for the structure of gold/bromobenzene/ITO
is long-range attractive according to the permittivity of the
materials. For a doped ITO, the dielectric functions change
dramatically under different carrier densities. The permittiv-
ity, especially in the low frequency, increases significantly
as the carrier density N increases from 1018 to 1021cm−3,
providing a possibility to actively tune Casimir forces.

A. Gate-tunable Casimir pressures for gold nanoplates

Now we consider the Casimir pressure (denoted as Pc =
Fc/A) between the gold nanoplate and the multilayered sub-
strate in Fig. 1. To begin, we assume the applied voltage is
zero and the carrier density is homogeneous in the ITO film,
i.e., Na = Nb = N . The layer thicknesses play an important
role in the Casimir pressure as illustrated in Fig. 3. The upper
panel shows the configuration of changing the thickness of
ITO, while the top-layer Teflon with LT 1 = 10 nm is fixed.
For the density N = 1019 cm−3 in Fig. 3(a), the Casimir
pressure can be long-range repulsive for a vast choice of LI ,
e.g., between 0 and 18 nm. As N increases to 1020 cm−3

[Fig. 3(b)], however, the long-range repulsion is achieved only
when LI is at the regime between 0 and 11 nm. Interestingly,
the Casimir equilibria denoted by the black curves can be
found under specific thicknesses. As the density N increases
to 1021 cm−3 [Fig. 3(c)], the long-range repulsion is possible
only when the thickness of ITO film is from 0 to about 2 nm.
The upper panel suggests that the Casimir pressure tends to
be attraction as the thickness of ITO increases. In addition,
the increase of carrier density makes the ITO behaviors more
like metal, which can enhance the attraction eventually.

On the other hand, the Casimir interaction between the
gold nanoplate and the top-layer Teflon is repulsive. Quan-
titatively, the influences of the thickness of the top-layer
Teflon on Casimir pressure are shown in the bottom panel
of Fig. 3, where LI = 10 nm is fixed. As the density N =
1019 cm−3, the Casimir pressure is long-range repulsive when
the thickness LT 1 is larger than about 6 nm. As N increases to
1020 cm−3, the long-range repulsion is achieved only when
the thickness LT 1 is larger than 9 nm. For a high density
1021 cm−3, the critical thickness for the long-range repulsion
is even larger. The results indicate that the Casimir pressure
tends to be repulsive as the thick LT 1 increases. Again, the
increasing of N makes the whole Casimir force be more
attractive. To switch the nanoplate between quantum trapping
and the release state, the delicate choices of the thickness of
ITO and Teflon film are required.

Without loss of generality, we adopt the parameters LT 1 =
LI = 10 nm for the concept of Casimir switching between
quantum trapping and its release. Compared with the layer
thicknesses, tuning the carrier density is more accessible in
a real experiment. The Casimir pressures as a function of
carrier density (Na = Nb = N) are shown in Fig. 4(a), where
the separations d = 50, 100, and 200 nm are calculated for
demonstration. The results indicate that the Casimir pressures
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FIG. 3. Casimir pressure via layered thicknesses of ITO and top-layer Teflon without any applied voltage (N = Na = Nb). In (a) and
(d) N = 1019 cm−3; (b) and (e) N = 1020 cm−3; (c) and (f) N = 1021 cm−3. The black curves represent the Casimir equilibria (zero pressure).
The positive (or negative) sign of the pressure corresponds to the repulsive(or attractive) force, and the gray zones represent the Casimir
pressure with a magnitude larger than 2 Pa. The thickness LT 2 = 1000 nm is fixed.

tend to be repulsive when the carrier density N is low. The
variations of Casimir pressure are small as the density N
increases from 1017 cm−3 to 1019 cm−3. Notably, the Casimir
equilibria can be found as N increases further to critical
values. The critical density (about 1.2 × 1020 cm−3) is almost
the same for the separations 100 nm to 200 nm, indicating
the large modulation of equilibrium distance dc due to even

very small variation of density. Overall, the Casimir pressure
becomes attractive as the carrier density becomes a high value
(e.g., N = 1021 cm−3).

The carrier densities for the background and active ITO
could be different (i.e., Na �= Nb) as an gate voltage is ap-
plied. The Casimir pressure via different Na are shown in
Figs. 4(b) and 4(c). For background density Nb = 1019 cm−3,

FIG. 4. Tunable Casimir equilibria for a suspended gold nanoplate. (a) Casimir pressure via the carrier density of ITO without any applied
voltage (N = Na = Nb). The magnitudes for separations d = 100 and 200 nm have been amplified 10 and 100 times. The Casimir pressure
under different values of Na, where the background density Nb is (b) 1019 cm−3 and (c) 1020 cm−3, respectively. The positive (or negative)
sign of the pressure corresponds to the repulsion (or attraction). The thicknesses parameters are set as LT 1 = 10 nm, LI = 10 nm, and LT 2 =
1000 nm.
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FIG. 5. Tunable Casimir equilibria for a suspended Teflon nanoplate with thickness of 100 nm. (a) Casimir pressure as a function of carrier
density without electrical gating. (b) and (c) show Casimir pressures versus different active carrier densities, where the background density Nb

are 1019 cm−3 and 1020 cm−3, respectively. Note that the pressure PGB, i.e., the sum of the gravity and buoyancy for the Teflon nanoplate, is
only 0.6 (mPa). The thicknesses parameters are set as LT 1 = 0 nm, LI = 5 nm, and LT 2 = 1000 nm.

the Casimir pressure is long-range repulsive without gating
(i.e., Na = Nb). As the density Na is depleted to 1018 cm−3,
the pressure is almost unchanged in comparison with that
of no-gating configuration. As the density Na increases to
1020 cm−3, the Casimir pressure decreases slightly comparing
with the no-gating configuration. While the Casimir pressure
drops greatly as Na = 1021 cm−3. Interestingly, the Casimir
equilibrium and stable quantum trapping can be obtained
as Na increases to 2 × 1021 cm−3. Thus, a switching from
long-range repulsion to quantum trapping can be realized
by increasing the carrier density in the active layer of ITO,
e.g., from 1019 to 2 × 1021 cm−3, and vice versa. Another
example with background density Nb = 1020 cm−3 is shown
in Fig. 4(c). The results indicate that the Casimir pressure
is long-range repulsive without gating. As the density Na

depletes to 1018 and 1019 cm−3, the curves of Casimir pres-
sures for these two cases also overlaps. However, the Casimir
equilibria and stable quantum trapping can be obtained as Na

increases to a high level, i.e., 1021 and 2 × 1021 cm−3.

B. Gate-tunable switching for Teflon nanoplates

The manipulations of low-refractive-index nanoplates due
to Casimir forces are also interesting in MEMS and NEMS.
The schematic of our design is shown in the inset of Fig. 5.
Inspiring by the previous work [39], the top layer of the
multilayered substrate is set as an ITO film (i.e., LT 1 = 0).
Figure 5(a) shows the Casimir pressure as a function of
carrier densities without any voltage bias. The results indicate
that the Casimir pressure is attractive(or repulsive) when the
carrier density of ITO is low (or high). Interestingly, the
Casimir pressure is almost unchanged as the carrier density
N increases from 1017 cm−3 to 1018 cm−3. However, the pres-
sure decreases and Casimir equilibria can be obtained as N
increases further. The critical density for separation of 50 nm
is about 1019 cm−3, while the required densities become larger
if the separation increases to 100 nm and 200 nm.

Figure 5(b) shows the Casimir pressures under different
Na, where the background density Nb = 1019 cm−3 is fixed.

The pressure PGB = (ρt − ρliq )gL0 = 0.6 (mPa) is the sum
of the gravity and buoyancy, where g is the gravitational
acceleration, the thickness L0 = 100 nm, and ρt ≈ 2.1 g/cm3

and ρliq ≈ 1.50 g/cm3 are the densities of Teflon and bro-
mobenzene, respectively. The results indicate that the curves
of Casimir pressures for Na = 1018 and 1019 cm−3 are also
overlapped, and the quantum trap is quite strong since the
maximum of the restoring force is over 100 times of PGB.
As Na increases to 1021 cm−3, the Casimir pressure tends
to be more repulsive and the restoring force declines. Inter-
estingly, a long-range repulsive can be obtained when Na =
2 × 1021 cm−3. Therefore, a switch from quantum trapping to
its release is realized as the density Na increases from 1019 to
2 × 1021 cm−3. Another example of Casimir switching with
Nb = 1020 cm−3 is shown in Fig. 5(c). Again, there is a stable
trapping when no bias is applied. However, the maximum
of the restoring force increases as the active density Na is
depleted to 1018 and 1019 cm−3, and the trapping stiffness
can be slightly enhanced. As the density Na increases to 1021

and 2 × 1021 cm−3, however, the Casimir pressure becomes
long-range repulsive. As a result, the switching from quantum
trapping to its release can also be achieved by increasing the
magnitude of Na.

IV. THE FINITE TEMPERATURE EFFECT

The temperature of the system needs to be considered in a
real configuration. Firstly, we assume the dielectric functions
of the used materials are temperature independent. The inte-
gral over frequency ξ for 0 K approximation in Eq. (1) now
should be written as a discrete summation [2]

h̄

2π

∫ ∞

0
dξ ↔ kbT

∞∑
n=0

′
, (9)

where ξ is replaced by discrete Matsubara frequencies ξn =
2π kbT

h̄ n(n = 0, 1, 2, 3 . . .), kB is the Boltzmann’s constant,
T is the temperature of the system and the prime denotes
a prefactor 1/2 for the term n = 0. The Casimir pressures
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FIG. 6. The finite temperature effect for Casimir pressures. (a) A suspended gold nanoplate; (b) a suspended Teflon nanoplate. (c) The
separation of quantum trapping as a function of temperature. In (a)–(c), the background density Nb is fixed at 1019 cm−3, and the thicknesses
parameters of the systems are kept the same as those in Figs. 4(b) and 5(b).

under different finite temperatures are shown in Figs. 6(a)
and 6(b). For a gold nanoplate, the Casimir pressure tends
to be more attractive as the temperature increases from 0 to
300 K. Comparing with the 0 K approximation, the maxi-
mum of the restoring force for the quantum trapping (Na =
2 × 1021 cm−3) increases considerably as the temperature is
300 K. Meanwhile, the trapping positions reduce slightly as
the temperature increases. Interestingly, a Casimir equilibrium
can be found for the release state (Na = 1019 cm−3) with
T = 300 K. However, this trapping state does not persist
for a flipped-down case [39] because the restoring force is
very weak (smaller than the PGB). For a Teflon nanoplate,
the maximum of the restoring forces for the trapping state
(Na = 1019 cm−3) reduces as the temperature increases from
0 to 300 K. Meanwhile, the trapping distances rises slightly as
the temperature increases. Nonetheless, the Teflon nanoplate
can be switched from quantum trapping to its release state for
a finite temperature, and the calculation results do not change
qualitatively comparing with the 0 K approximation. The
temperature dependence of the Casimir equilibria for the state
of quantum trapping is shown in Fig. 6(c). As the temperature
T increases from 240 to 400 K, the critical distances dc for
a Teflon nanoplate grows from 58 to 70 nm (about 0.075
nm/K). Conversely, the distance dc for a gold nanoplate drops
from 50 to 45 nm (about −0.03 nm/K). Overall, the change
of trapping distance is quite small for the temperature.

V. CONCLUSIONS

In summary, we study Casimir forces between gold/Teflon
nanoplates and ITO-based MOS structures in a liquid en-

vironment. Our results suggest that the Casimir equilibria
are determined, not only by the layer thicknesses in MOS
structures but also by the carrier densities of ITO (gate-
controllable). Under proper designs, a gold nanoplate can
be stably trapped, and the trapping state can be released by
decreasing the carrier density in the active layer of ITO. In ad-
dition to gold nanoplates, tunable Casimir equilibria for Teflon
nanoplates are demonstrated. Instead, the quantum trapping
can be tuned into a release state by increasing the carrier
density in the active layer. Although we consider ITO films
in this work, the concept of gate-tunable Casimir equilibria
can be applied in other transparent conductive oxides such as
aluminum-doped zinc oxide (AZO) and gallium-doped zinc
oxide (GZO) [43]. The Teflon could also be replaced by other
low-refractive-index materials (e.g., mesoporous silica [46]).
Experimentally, the state-of-arts of the techniques for film
deposition are mature, such as sputterings or vacuum thermal
evaporation [47], pulsed laser depositions [48]. Our findings
may have promising applications in MEMS/NEMS based on
the quantum fluctuations of the electromagnetic field.
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