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The Casimir pressure plays an important role in the adhesion stability of nanofilms at submicro scales. In this work,
the Casimir pressure of peptide films deposited on a layered substrate is investigated. Three types of semi-infinite substrates,
i.e., silica, silicon and gold, are considered. The buffer layer between the peptide film and substrate consists of silicon or
silica. The switching sign of the Casimir pressure can be controlled in a region ranging from about 130 nm to 1000 nm,
depending on the thickness of the buffer layer and the substrate. The results suggest that the critical thickness of peptide
films for Casimir equilibrium increases (or decreases) by increasing the thickness of the silicon (or silica) buffer film.
The influences of wetting and electrolyte screening on the Casimir pressure are also investigated. Our finding provides a
theoretical guide for the adhesion stability of peptide films in organic electronics.
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1. Introduction

During the past two decades, organic electronics have
made great progress, for example in organic thin-film
transistors,[1,2] organic solar cells,[3–5] organic light-emitting
diodes,[6–8] etc. It is well known that organic materials con-
sist of carbon-based small organic molecules or polymers. Or-
ganic films are the basic building blocks of organic electronics,
and are of great importance in many kinds of devices. The or-
ganic film is generally deposited on an inorganic substrate, and
the stability of the organic film is strongly influenced by the
surface forces (such as ionic or electrostatic forces, hydrogen
bonding, hydrophilic forces, etc.) at the interfaces. The disper-
sion force,[9] among several other surface forces,[10] plays an
important role when the thickness of the organic film reduces
to the submicro scale.

The dispersion force is attributed to the zero-point vac-
uum fluctuation and thermal fluctuation. For two closely
spaced objects, or two interfaces, the dispersion force is known
as the van der Waals force,[11] and the relativistic retarda-
tion is negligible. When the separation is large, the retar-
dation effect becomes evident and the dispersion force is
called the Casimir force or the Casimir–Lifshitz force.[12,13]

The Casimir force and its free energy have been investigated
in various fields[14,15] such as nanomechanics,[15–19] opti-
cal cavities,[20–23] quantum manipulations (dynamical Casimir
effects),[24–26] premelting of ice,[27–29] etc. In addition, the

adhesive stability of organic films due to the Casimir force
has also been reported (e.g., for DNA films[30] and peptide
films[31]). When peptide films are deposited on different sub-
strates (e.g., metal,[32–34] silica[34,35] or semiconductor[36]),
repulsive or attractive Casimir forces are revealed depend-
ing on the type of substrate and the thickness of the peptide
film. However, previous studies have mainly focused on semi-
infinite substrates. The Casimir force of peptide films de-
posited on multi-layer substrates is still unexplored.

In this work, we study the Casimir pressure of peptide
films deposited on a layered substrate. Three kinds of semi-
infinite substrates, i.e., silica, silicon and gold, are considered.
The buffer layer between the peptide film and substrate con-
sists of silicon or silica. For a non-metallic substrate, the
Casimir pressure is repulsive when the peptide film is thin
while it can be attractive when the thickness of the peptide
film is large. Moreover, the switching sign of the Casimir
pressure can be controlled via the thickness of the buffer layer
deposited on a proper substrate. We find that the critical thick-
ness of peptide films for Casimir equilibrium increases when
the thickness of the silicon buffer film is increased. By con-
trast, the critical thickness of peptide films shows an inverse
trend with the silica buffer film. For a silica-coated gold sub-
strate, the Casimir pressure could be attractive within a spe-
cific range of peptide film thickness, and can be strongly tuned
by the buffer layer thickness. We also show that modulation of
Casimir pressure due to wetting and electrolyte screening can
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be manifested under specific conditions.

2. Theoretical models
We consider a peptide film with thickness a deposited on

a layered substrate. The layered substrate consists of a buffer
film (medium 1) with permittivity ε1 placed on a semi-infinite
slab (medium 2) with permittivity ε2. The Casimir pressure of
the peptide film is calculated based on the framework of the
Lifshitz theory[13,31]

Pc(d) = −kBT
π

∞′

∑
n=0

k||kpz dk||

(
rTE

t rTE
b e−2kpza

1− rTE
t rTE

b e−2kpza

+
rTM

t rTM
b e−2kpza

1− rTM
t rTM

b e−2kpza

)
. (1)

Note that the prime in the summation denotes a prefactor 1/2
for the term n = 0, kB is the Boltzmann constant, T is the tem-
perature, kpz =

√
k2
||+ εp (iξn)ξ 2

n /c2 is the vertical wavevector
in the peptide film, k‖ is the parallel wavevector, c is the speed
of light in a vacuum, εp(iξn) is the permittivity of the pep-
tide film, ξn = 2π

kBT
h̄ n (n = 0, 1, 2, 3) are the discrete Mat-

subara frequencies, h̄ is the reduced Planck constant and rα

β

(α= TE,TM; β = t,b) are the reflection coefficients for the
peptide film, where the superscripts TE and TM correspond to
the polarizations of transverse electric and transverse magnetic
modes, respectively. The subscripts t and b denote the reflec-
tion coefficients of the peptide at the top and bottom interfaces,
respectively.

For the top interface, the reflection coefficients represent
an electromagnetic wave incident from the peptide film to the
air (or vacuum)[31]

rTM
t (iξn,k||) =

kpz(iξn,k||)− εp(iξn)k0z(iξn,k||)
kpz(iξn,k||)+ εp(iξn)k0z(iξn,k||)

, (2)

rTE
t (iξn,k||) =

kpz(iξn,k||)− k0z(iξn,k||)
kpz(iξn,k||)+ k0z(iξn,k||)

, (3)

where k0z =
√

k2
||+ξ 2

n /c2 is the vertical wavevector in air.
For the bottom interface of the peptide film, the reflection

coefficients can be given as[37,38]

rα
b =

rα
p1 + rα

12 e−2k1zL

1+ rα
p1rα

12 e−2k1zL , (4)

where L is the thickness of the buffer film, rα
p1 is the reflection

coefficient from the peptide film to the buffer layer and rα
12

is the reflection coefficient from the buffer layer to the semi-
infinite slab, and we have

rTM
p1 (iξn,k||) =

ε1(iξn)kpz(iξn,k||)− εp(iξn)k1z(iξn,k||)
ε1(iξn)kpz(iξn,k||)+ εp(iξn)k1z(iξn,k||)

, (5)

rTE
p1 (iξn,k||) =

kpz(iξn,k||)− k1z(iξn,k||)
kpz(iξn,k||)+ k1z(iξn,k||)

, (6)

rTM
12 (iξn,k||) =

ε2(iξn)k1z(iξn,k||)− ε1(iξn)k2z(iξn,k||)
ε2(iξn)k1z(iξn,k||)+ ε1(iξn)k2z(iξn,k||)

, (7)

rTE
12 (iξn,k||) =

k1z(iξn,k||)− k2z(iξn,k||)
k1z(iξn,k||)+ k2z(iξn,k||)

, (8)

where k jz =
√

k2
||+ ε j (iξn)ξ 2

n /c2 ( j = 1,2) is the vertical
wavevector in media 1 and 2, respectively. For example, when
the peptide film is deposited on a silica substrate with a silicon
film as the buffer layer, media 1 and 2 represent the materials
silicon and silica, respectively. The reflection coefficients for
layered structures can be calculated alternatively by a transfer
matrix method.[39,40] Clearly, the reflections for the TE modes
would be zero when the Matsubara term n = 0.

The dielectric functions of the materials are significant
for the reflection coefficients. Here, the permittivity of the dry
peptide is taken from Ref. [31]. The permittivities of silicon,
silica, water and gold are taken from a recent publication,[41]

which accounts for the influences of the electronic dielectric
constant, optical bandgap, density and chemical composition
of the materials. For a wet peptide film, the permittivity ε ′p is
given as[31]

ε ′p(iξn)−1
ε ′p(iξn)+2

= Φ
ε ′w(iξn)−1
ε ′w(iξn)+2

+(1−Φ)
ε ′p(iξn)−1
ε ′p(iξn)+2

, (9)

where εw(iξn) represents the permittivity of water[35] and Φ

is the volume fraction of water in the peptide film.

3. Results and discussion
The dielectric functions of the materials used evaluated in

the imaginary frequency are shown in Fig. 1(a). For the Mat-
subara term n > 0, the permittivity of the peptide is smallest
compared with substrate materials of silica and silicon. The
permittivity of water is larger than that of the peptides while it
is smaller than that of the substrate materials. To predict the
behavior of Casimir pressures, the n= 0 Matsubara term is sig-
nificant since it plays a dominant role at large thicknesses (or
separation), as reported in Refs. [31,42]. The static permittivi-
ties of the water and peptide are about 81 and 15, respectively.
For a wet peptide, the static permittivity lies between 15 and
22.9 when the fraction of water increases from 0 to 0.4. On
the other hand, the static permittivities of silica and silicon are
about 3.9 and 11.7, respectively, which are smaller than that of
the peptide film.

When a peptide film is deposited on a semi-infinite silica
or intrinsic semiconducting substrate,[31,36] the Casimir pres-
sure would be repulsive at a small thickness (or separation)
since the relationship εair <εp <εsub is satisfied for a vast range
of frequencies.[43] However, the Casimir pressure turns out to
be attractive at a large peptide thickness because of the break-
down of the above relationship for the dominant term n = 0.
As a result, a stable Casimir equilibrium, i.e., when the pres-
sure equals zero, can be found due to the counterbalance of the
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repulsive and attractive Casimir forces. It is expected that the
Casimir equilibria could be tuned accordingly when the layer
thicknesses of substrates are artificially designed.[44]

Figure 1(b) shows the Casimir pressure of a peptide film
deposited on a silica substrate with a silicon film as the buffer
layer. The calculations show that the Casimir force is repul-
sive and it declines with increasing thickness a. The Casimir
equilibrium appears at a critical thickness of the peptide film,
depending on the thickness of the buffer film. The critical
thickness of peptide film for Casimir equilibrium is denoted
as a0. As the thickness of the silicon film L decreases from
500 nm to 20 nm, the critical thickness a0 declines from about
900 nm to 300 nm. It has been reported that a0 generally ap-
pears at several micrometers for semi-infinite semiconductor
substrates.[36] Here, we find that the critical thickness a0 can
be greatly reduced by decreasing the thickness of the buffer
film. Hence, a thin silicon film is favored for the adhesion
stability of peptide films at submicro scales.
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Fig. 1. (a) The permittivity of the materials used as a function of nor-
malized Matsubara frequency. (b) The magnitude of Casimir pressures
as a function of the thickness of the peptide film under different silicon
nanofilm thicknesses.

Now we turn to the other type of layered substrate,
wherein a silica film is the buffer layer between the peptide
film and semi-infinite silicon. The Casimir pressure versus
the thickness of the peptide film is shown in Figs. 2(a) and
2(b). When the layer of silica is thick, for example 600 nm,
the Casimir pressure is almost the same as that of semi-infinite
silica. As the thickness of the buffer layer decreases to 400 nm
and 200 nm, the Casimir pressure tends to be more repul-
sive, and the critical thickness a0 increases correspondingly.

As the thickness of silica declines further from 120 nm to
60 nm, the thickness a0 increases from 300 nm to 900 nm,
as shown in Fig. 2(b). It is expected that the lower stability
due to the decreasing thickness of the silica layer can be com-
pensated by adding a graphene sheet on the peptide film or
coating with nanoparticles.[32,33] Nonetheless, the variation of
the silica buffer film thickness provides an avenue for tuning
the stability of peptide films.
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Fig. 2. The Casimir pressure for a peptide film placed on a silica-coated
silicon slab. (a) The silica film thickness increases from 200 nm to infi-
nite. (b) The silica film thickness increases from 60 nm to 120 nm.

It would be interesting to investigate the Casimir inter-
actions of wet peptide films deposited on a layered substrate.
The Casimir pressures under different fractions of water are
shown in Fig. 3(a) for a silicon film as the buffer layer. We
set the thickness LSi = 20 nm, and the corresponding criti-
cal thickness a0 is near 300 nm. The results show that the
Casimir pressure is modified correspondingly when the frac-
tion of water changes. The Casimir pressure for Φ = 0.2 is
larger (smaller) than the dry case for a smaller (larger) peptide
film thickness, and a0 for these two configurations are very
close. On the other hand, the Casimir pressure for Φ = 0.4
shows a more significant discrepancy compared with the dry
film.

Next, we consider a layered substrate consisting of a silica
buffer film deposited on a semi-infinite silicon substrate. Fig-
ure 3(b) show the Casimir pressures under different fractions
of water, where the thickness LSiO2 = 120 nm and the Casimir
equilibrium is also near 300 nm. The Casimir pressure tends
to be more attractive as the volume fraction increases. Clearly,
the modulation of the Casimir pressures due to the wetting ef-
fect in this configuration is much larger than that in Fig. 3(a).
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When the volume fraction Φ increases from 0 to 0.2, the crit-
ical thickness a0 declines from about 300 nm to 250 nm. For
Φ = 0.4, the thickness a0 decreases further to about 182 nm.
The modulation of critical thickness due to the change of Φ

from 0 to 0.4 lies in the region of about 180–300 nm, which is
much larger than in the case of semi-infinite silica.[34]
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Fig. 3. The Casimir pressure under different water volume fractions.
The layered substrates are (a) a silicon film placed on semi-infinite sil-
ica and (b) a silica film placed on semi-infinite silicon.

Water is considered as a dielectric medium for the above
discussions. However, water is an electrolyte solution in real-
istic systems, and the effect of electrolyte screening should
be taken into account.[23] Due to ionic charge fluctuations,
the presence of salt ions in water (e.g., H+, OH−, Na+,
etc.) can modify the n = 0 Matsubara term. As a result,
the vertical wavevector for a wet peptide film turns out to be
kpz =

√
k2
||+κ2 in Eq. (1) for the reflection coefficient of the

TM mode with the Matsubara term n = 0, where the wavevec-
tor κ = 1/λD with λD being the Debye length.[11] The Debye
length is dependent on the concentration of the ions, the tem-
perature, the static permittivity of the wet peptide film, etc. For
example, the Debye length is about 1000 nm for pure water at
room temperature,[45] resulting from the H+ and OH− ions.
Adding a small amount of NaCl to water reduces the Debye
length from approximately 1000 nm to 10 nm as the NaCl con-
centration increases from 10−7 mol·L−1 to 10−3 mol·L−1.[23]

When salted water mixes with a peptide film the configuration
becomes more complex. The Debye length depends not only
on the concentration of salt in the water but also on the wa-
ter volume fraction in peptide film. Qualitatively, the Debye
length would decline with increasing salt concentration (e.g.,
NaCl) in the water.

The Casimir pressure for a wet peptide film is shown in
Figs. 4(a) and 4(b) under different Debye lengths. The solid
lines represent cases of nonionic configurations. Our results
indicate that electrolyte screening has a small influence on the
Casimir pressure when the condition a� λD is satisfied. In
other words, the electrolyte screen can be neglected for a thin
peptide film with low-salt water. However, as the thickness
of the peptide film becomes comparable to or even larger than
λD, strong modulation of the Casimir pressure is revealed due
to the screening effect. We find that the Casimir equilibrium
is shifted when the Debye length is reduced from 1000 nm to
500 nm. As λD decreases to 100 nm, the Casimir equilibrium
is absent and the Casimir interaction turns out to be mono-
tonic in Fig. 4(a). The situation is similar for a substrate of
silica buffer film placed on semi-infinite silicon, as shown in
Fig. 4(b). The results suggest that the stability of the peptide
film decreases with a reduction in the Debye length (e.g., via
increased salt concentration).
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Fig. 4. The Casimir pressure across wet peptide films under different
Debye lengths. The layered substrates are (a) a silicon film placed on
semi-infinite silica and (b) a silica film placed on semi-infinite silicon.
The water volume fraction is fixed at 0.4. The solid lines represent the
case without accounting for the electrolyte screening effect.

Finally, we consider the Casimir pressure of a peptide film
placed on a gold substrate. The permittivity of gold is high for
broadband frequencies. Unlike the case of silica or silicon, the
permittivity of gold is larger than that of the peptide for both
n= 0 and n> 0 terms. Hence, the Casimir pressure of the pep-
tide film is long-range repulsive when it is placed on a gold
substrate, as reported in Ref. [31]. It would be useful if the
Casimir pressure could become attractive when a buffer layer
is introduced between a peptide film and a gold substrate. Con-
tour plots of Casimir pressure with regard to the thicknesses of
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the buffer layer and peptide film are shown in Figs. 5(a) and
5(b), where the buffer layer is silica. The pressure is normal-
ized by P0 = h̄cπ2/(240d4), which is the Casimir pressure be-
tween two perfect metal slabs. These results suggest that the
Casimir pressure across a dry peptide film is long-range repul-
sive when the thickness of the buffer layer is less than about
200 nm. This is because the repulsive Casimir interaction be-
tween the peptide film and gold substrate is dominant for a thin
buffer layer. As the thickness of silica increases further, for ex-
ample to 300 nm, the Casimir pressure versus the thickness a
has two equilibria. This means that the Casimir pressure is at-
tractive within a specific range of peptide film thicknesses. For
a wet peptide, the Casimir pressure tends to be more attractive
than for a dry one. A negative Casimir pressure could even be
found with a thinner buffer layer, as shown in Fig. 5(b).
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Fig. 5. Contour plot of Casimir pressure for a peptide film placed on
a silica-coated gold substrate: (a) dry peptide film and (b) wet peptide
film. (c) The Casimir pressure for the wet peptide film (Φ = 0.4) under
different Debye lengths, wherein the solid line represents the case with-
out accounting for the electrolyte screening effect. The thickness of the
buffer layer in (c) is fixed at 300 nm.

Figure 5(c) shows the Casimir pressure for a wet peptide
film when screening from ionic charge fluctuation is taken into
account. The solid lines represent cases that do not account for
ionic charge fluctuation. For a thin peptide film, the Casimir
pressure is unaffected by the screening effect. However, the
Casimir pressure trends to be repulsive for a large thickness a,
and peptide films become less stable with decreasing Debye
length λD. The Casimir pressure is attractive within a specific
range of a when λD is 500 nm and 1000 nm. The critical thick-
ness a0 for the first Casimir equilibrium is almost unchanged
when λD is large, such as 500 nm or 1000 nm. When λD de-

creases to 200 nm and 100 nm, the Casimir equilibria disap-
pear and the Casimir pressure is long-range repulsive.

4. Conclusion and perspectives
In summary, this work focuses on the Casimir pressures

of a peptide film deposited on layered substrates. The influ-
ence of the buffer layer on the Casimir pressure is investi-
gated for different substrates. For a non-metallic substrate,
the Casimir pressure is repulsive when the peptide film is thin,
while the pressure can be attractive when the film is thick. The
critical thickness of peptide films for Casimir equilibrium in-
creases with enlarging the thickness of the silicon buffer film.
By contrast, the critical thickness decreases with increasing
the thickness of the silica buffer film. The critical thickness
of peptide film for switching signs of the Casimir pressure
can be artificially controlled in a region ranging from about
130 nm to 1000 nm, depending on the thicknesses of the buffer
layer and substrates. The influences of the fraction of water
contained in the peptide films and the electrolyte screen are
discussed. A strong modulation of the Casimir pressure is
revealed when the Debye length is comparable to the thick-
ness of the peptide film. For a metallic substrate, the different
trends of Casimir pressure across the peptide films are also re-
vealed and discussed. Alternative buffer materials to silicon
and silica[46,47] (such as Teflon, ZnMgO and hexagonal BN),
may offer different controls over Casimir interactions due to
their distinct dielectric properties. Moreover, the temperature
effect in the system could have a non-negligible influence on
the Casimir pressure, which would an interesting direction for
future works. Our finding provides a theoretical guide to the
adhesion stability of peptide films placed on organic electron-
ics.
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