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Since hydration forces become very strong at short range and are particularly important for
determining the magnitude of the adhesion between two surfaces or interaction energy, the
influences of the hydration force and elastic strain energy due to hydration-induced layering of
liquid molecules close to a solid film surface on the stability of a solid film in a solid-on-liquid
(SOL) nanostructure are studied in this paper. The liquid of this thin SOL structure is a kind of water
solution. Since the surface forces play an important role in the structure, the total free energy change
of SOL structures consists of the changes in the bulk elastic energy within the solid film, the surface
energy at the solid—liquid interface and the solid—air interface, and highly nonlinear volumetric
component associated with interfacial forces. The critical wavelength of one-dimensional
undulation, the critical thickness of the solid film, and the critical thickness of the liquid layer are
studied, and the stability regions of the solid film have been determined. Emphasis is placed on
calculation of critical values, which are the basis of analyzing the stability of the very thin solid
film. © 2004 American Institute of Physic§DOI: 10.1063/1.1648014

I. INTRODUCTION the area change and the surface energy density is a constant,
) . the energy increases at an air-liquid interface when some
In micro and nano systems, the ratio between the numbgjquid molecules inside the bulk emerge to the interface and
of atoms at the surface and that in the bulk is much largefcrease the area. At a solid—liquid interface, however, since
than that in macro systems, which accentuates theﬁ_;;r)le %he number of atomic sites is fixed and the area change of the
il:]rfac; forceszj_az well as (I)ther sufrfacr—_z eff:acts |ane_ &_ll' interface is due to the stretching or compressing of the inter-
L ed es\t/—stu '€ Oexa:)mplgl_\fcc; tﬁr INVoves " e”?gl:m_atomic distance, the energy change results from the elastic
trZZti\?g_vaennﬁ?r/_\/Va:/;;vz\el(\l) forczas (ﬁga/' Cei?(i]sdg]dgt(z) ;":1' strain and the surface strés$s°The surface energy density
: . . . . : e at an air-liquid interface is positive, which tends to stabilize
clude dispersion, induction, and orientation Lifshitz—vdW L T
. . ) . the liquid layer, whereas at a solid—liquid interface the sur-
interaction$ Fyaw and repulsive electric double layezDL) face stress can be either positive or negative, which can ei-

f FepL | ilizi lloids*~*
orcesFep in stabilizing colloids ther stabilize or destabilize the solid film and the liquid

When the thin liquid film is on the solid surface, the 16-18Theref | lid fil liquid
stability of the film is fundamental to many phenomena SucHayer. Therefore, even a monolayer solid film on a liqui

as dropwise and filmwise condensation, evaporation, anffyer can qualitatively change the stability behavior of the
boiling, as well as self-assembly of clusters and moleclles lduid layer. Recently, a dmeqspnlegss number is introduced
The intermolecular forces of the interface between the liquid® Study the stability of a solid filrh which discusses the
film and solid surface are highly nonlinear. The interplaySituation under the action of DLVO.

between these forces at different length scales leads to film The classical DLVO theory is a continuum theory that
dynamics and stability regimes that are not only rich in physdoes not consider the discrete molecular nature of the sur-
ics, but also have major engineering implications. The nonfaces, solvent, or ions and other factors that can become
linear dynamical properties and effects on nucleation phelmportant at small distances, so it is not surprising that the
nomena have been studigt model breaks down when the liquid medium between two

In the solid-on-liquid structures, however, a thin solid surfaces is only few molecular diameters in width. It has
film covers the liquid layer, where the flexural rigidity of the long been postulated that a modified water structure exists at
solid film must be considered. The surface energy in solidsolid—water interfaces. In fact, hydrophobicity is a manifes-
on-liquid structure is different from that of the liquid film tation of water structure at surfac€s! For colloids and
lying on the solid surface. The air-liquid interface is now interfaces in agueous media, the predominant effect is attrib-
replaced by the sum of the solid—air interface and solid-uted to the hydration of the adsorbed counterions and ionic
liquid interface. Since the change of the surface energy at afunctional groups in the surface. As such surfaces approach
air-liquid interface is that the surface energy density timesach other closely during the interaction, some dehydration

of the ions and surface would have to occur, leading to an
dAuthor to whom correspondence should be addressed. F&6-10- increase in the free energy and hence a repulsion. These ef-
62561284. Electronic mail: yzhao@Inm.imech.ac.cn fects are usually referred to as hydration or structural forces.
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Il. CRITICAL THICKNESS

A. Expression of free energy change

The total change of free energy in the solid-on-liquid
structure can be written as

AW= AWF+AWS+ AWV, (1)

where AW, is the elastic energy change within the solid
film, AWy is surface component, aniW,, is volumetric
FIG. 1. Schematic diagram of the solid-on-liquid structure. component.

Assume that the solid film is isotropic and elastic with
Young's modulusE and Poisson’s ratige.. Let x andy be the
coordinates in the middle plane of the solid film anger-

This explanation, however, is far from being completely un-Pendicular to the middle plane. Due to the small disturbance,
derstood and theoretically model&d. the solid film has a deflectioh(x,y), in the z direction.

Now, in aqueous media, in addition to electrostaticUsing the von Karman plate theotyfrom the flat state to

(ionic) and vdW interactions, there are also the interactior"® Wrinkled state, the strain in the film changes by
energies contributed by the water molecules. In the case of 1/ou v oh ah 52w

extremely hydrophilic polar entities, the polar repulsive en-  Ae )

ergies can give rise to a net interfacial repulsion between
hydrophilic particles suspended in water. Such net repulsivgherez=0 at the middle plane anz= +h/2 at the top and
energies have also been designated as hydration préSsureyottom surfaces of the solid film. The elastic energy within
They are a consequence of Lewis acid—base interactions bghe solid film consists of the in-plane strain energy and the
tween strongly electron-donating particles, immersed irbending energy. From the flat state to the wrinkled state, the

water? Recently;* the so-called XDLVO has been for- change of the elastic energy within the solid film per unit
warded, which in addition to classical DLVO interactions, gred® is

accounts for short-range Lewis acid—base or hydration inter-

(2a)

===+ =4+ =—=|-—z
2\dy X  Ix dy] oxay '

actions: significant progress has been made in extending the Aw :‘T_h 07_U+ 5_U+ dhohy D '92_h+ (92_h ?
traditional DLVO model to accommodate these non-DLVO Fm 2 lay ox  axay 2|\ax?" ay?
forces—for instance, the structural and steric foree the S \2 a2 2
: : dh d°h 9°h
recent review papers in Refs. 25427 21— )| | —| —— ==, (2b)
As illustrated in Fig. 1, this paper studies the solid-on- oxay)  Jx* dy

liquid (SOL) structure, which can be fabricated by Waferwherecr is the in-plane residual stress within the solid film in

bonding. Strained SiGe film on a layer of borophosphorosili-the state of having no perturbatiad, is the flexural rigidity,

;:ate_ glass 'ng}zgg"d appllﬁatloT OLtT.'S s}ruc(;urte n ?.%t?_?lecénd D= Eh%12(1— x?). The parameters andv are in-
ronic aspect.m-une smail perturbation leads 1o Solid him plane displacements along ttxeand y directions, respec-
wrinkles, dragging the liquid underneath to flow under the

condition that the solid film and liquid layer keep in contact tively.
. . . ’ For simplicity and without loss of generality, just con-
As aforementioned, Huang and S8wstudied this problem picty g Y, |

under the action of DLVO forces. Our interest in this prob_S|der the situation of a one-dimensional disturbance, which
. - . > P~ changes shape to

lem is focused on the stability analysis of the solid film.

Emphasis is placed on the critical wavelength and critical 27X

thickness of the solid film and the critical thickness of the ~ h'(X)=A’cos——, )

liquid layer, which is the basis of analyzing the stability of

the solid film. Section 1l explicitly formulates the total whereA’ is a small perturbation and is the wavelength.

change of free energy in the SOL structure consisting offhe elastic energy change of the solid film in one period of

three parts: respectively, the elastic energy change withithe undulation is

the solid film, surface energy, and interaction energy associ- DA’2

ated with interfacial forces. Besides the DLVO forces, the — Awy.= (

hydration forces and elastic strain energy due to hydration- 2

Curface art alsg considered because of the hycraton foroEy, Megralon, the elastc energy of the sofd fim in one

. e ny period of the undulation can be written as

becoming very strong at short range. Section Il also calcu*®

lates the critical thickness of the solid film, analyzes the criti- ADA'2 74

cal value of the liquid layer thickness, and discusses how the AWg=—75—. 5

critical thickness influences the stability of the solid film.

The critical wavelength of the solid film under the XDLVO To calculate the change of the surface energy, it is necessary

interactions is determined in Sec. IIl. The stability regimesto calculate the change of the surface area. Using the cosine

for the solid film are presented in Sec. IV. profile, the chang@l is given as

4
JL cos’-@dx. (4)

0 L

2
T
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L 2m7A’\ 2 21X repulsive A<<0). The dispersion force is, however, always
AL:J 1+ (T sinszx— L. (6)  attractive when two identical media interact across a film of
0 another medium. The influence of vdW forces on the mor-
Due to the small perturbatioA’ <L, the change\L can be phological stability of thin solid films was studied by Refs.

simplified to 31 and 32.
2A\2 L -nzzwxd (A" )2 The curvature of thev, 4, has the form
AL=2 L fo st e=T @) d*Wygw(H) _ An 13
. . . dH? 27HY
So the change in surface energy in one period of the
perturbatiort is 2. Electric double layer
’ 2
AWS:M, (8) _For charged surfaces in liquid, new .phe.nor.nena happen
L mainly as the result of the charge redistribution in the liquid.

whereF is the resultant membrane force of the solid film, Basically, the final surface charge is balanced by counterions
F=oh+f, o is the aforementioned residual stress in theln the liquid by equal but opposite total charge. The surface
solid film in the state of no disturbance, ahds the sum of  €lectrical potential attracts counterions to the wall and forms

the surface stresses at the top and bottom surfaces of tigethin layer of immobile ions. Outside the layer, the distribu-

solid film. tion of the counterions in the liquid mainly follows the ex-
The energy density is expanded with respect to the disPonential decaying dependence away from the surface,
turbance by Taylor series expansion as the following: which is called the diffuse EDL. EDL has a characteristic
) length, the Debye length, which depends inversely on the
w (H+h")=w (H)+ dw, (H) h’ 1 dw.(H) -, square root of ion concentration in the liqdidn approxi-
L L dH 2 dH? mate expression for the interaction energy density can be
‘... ) given as
— -1 2
The change in volumetric free energy in one period of the Wepy =64k “nks T exp(— kH), (14)
undulation can be found as wheren is the ionic number densitkg is the Boltzmann
L constant,T is absolute temperaturg, is given as
AWL:f0 [w (H+h")—w_(H)]dx - I‘(Ze(;bs .
IB_tan 4kBT ’ ( 5)

h'2dx+---. where z is the valence of species iong, is the surface
potential, ande is the charge of electrons. Note that the
(100  influence of electrostatic forces depends on the Debye length
1, which is given as

_(tdw(H) L1 d?w, (H)
‘fo dH hd”foi dah?

Due to mass conservation, the first term on the right side ié‘_
zero. Using the cosine profile of the film thickness and ne- [ ekeT |2
glecting terms higher than the second-order term, the volu- X ~={ 5,22/

metric free energy change can be written as ) ) ) o
o o where ¢ is the dielectric permittivity of the solvent. For a
zu d“w, (H) (11) NaCl solution at room temperature, the Debye length is 30.4
VT4 dH? nm at 10 * mol, 0.96 nm at 0.1 mol, and 0.3 nm at 1 mol: in
totally pure water apH 7, the Debye length is 960 nm or
B. Volumetric interaction energy about 1 um. Therefore, the EDL forces can have much
longer range than vdW forces.
The curvature of thevgp, can be written as

d?wWep, (H
%() — 64xnksT B2 exp( — kH). (17)

(16)

1. van der Waals forces

The change of the number of photons in the electromag-
netic oscillation modes in a structure made of several media
leads to a configurational force, known as the dispersion
force or the vdW forces. If the volumetric force interaction ysing representative values=7.21x 10~ % C3/Nm? and T
between a liquid layer and a solid film in the presence of its=287 K, we havex '=3.041 nm for a 1:1 electrolyte
vapor is only through vdW interactions, the volumetric inter- =1 of concentration 0.01 molnE=6.02x< 1074 m™3). At a

action energy density can be written as lower electrolyte concentration af=6.02x 10 m™ 3, we
A, have x 1=9.617 nm. The higher electrolyte concentration,
Wygw(H) = — 2.2’ (12)  the thinner the EDL thickness is.

whereAy, is Hamaker constant, which depends on the dielec- .

tric spectra of the media, arid is the separation gap. When S Hydration force

two dissimilar media interact across a film of a third me-  There are many aqueous systems where DLVO theory
dium, the dispersion force can be either attractide>Q) or  fails and where additional short-range<$ nm) exponen-
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tially repulsive solvation forces are observed and commonly 3.00E+014
referred to as hydration, structural, hydrophilic forces, or
non-DLVO forces. Hydration forces arise whenever water 20084014
molecules bind to surfaces containing hydrophilic groups I
(i.e., certain ionic, zwitterionic, or H-bonding groypsind —
then the strength depends on the energy needed to disrupt th§ 1 :
ordered water structure and ultimately dehydrate two sur-” om0 - AN
faces as they approach each other. pp—— ’ H, K
It is probable that the short-range hydration force be- ]
tween smooth rigid surfaces is always oscillatory, due to the | vaw
ordered layering of water molecules bound to hydrated sur- | vdW+EDL
face groups. This may be superimposed on a monotonically 0o\ 44
repulsive profile due to image interactions and/or a decaying 0 1 2 3 4 5 8 7 8 9 10 11 12 13 14 15
cooperative H-bonding interaction away from the surfaces. It Separation H ()
is also ”kEIy that for roth or fluid surfaces, the OSCiIIatior‘SFlG. 2. Curvature of the DLVO interaction energy as a function of separa-
are smeared out, resulting in a purely monotonic repulsion. lion H.
H
1 exr{ X

is clear, however, that the strong repulsion between the sur-
where\ is the decay length angl, is the strain of the first

faces and the exponential decay of hydration forces are still
detected. The hydration energy density can be writtén as E)\s%

monolayer, which typically ranges between 0 and 0.04 and
arises from lattice mismatch.

Wese= 5
The curvature of thevgge is given as

EDL

1.00E+014 4 2.73x10"

; (20

H
Whya=Wo exp{ - I) : (189

where the decay lengthis the order of 1 nm and/, ranges
from 3 to 30 mJ/r. Such a relation cannot derived from the
first principles but a close fit to experimental observations. It

does not account for the oscillatory nature but provides the dZWESF_(H) Egg H
average energy. However, it should be noted that although —qgz =~ 5 & = (21
Eq. (189 suggests that hydration energy is asymptotic to a
finite value asH—0, experimental data show that the hydra- - jiica) thickness of the liquid layer and solid film
tion energy keeps increasing Bisdecreases. In view of the
fact, it is proposetf that the hydration energy follows 1. Critical thickness of the liquid layer by XDLVO
theory
A H
Wiyg=Wo| 1+ 0 exp( - X)' (18b From the calculation in Sec. I, if only the DLVO forces

(attractive vdW force and repulsive EDare considered, the
It can be demonstrated that hydration forces dominate ovesum of curvature of the volumetric free energy can be written
vdW forces and the EDL interaction fét by less than about as
3-5 nm. (

. dwy
The curvature of thevy is as follows:

A
i =—F|:4+64KnkBT,82exq—KH).

2 2 3 ) DLVO
ﬁd Mrya_ Mo 1+ A + —72)\ + —3—2)\ exp — a . (19 (22
dHZ H HZ H A

From Eq.(12), the curvature of vdW forces is proportional to
the Hamaker constard,, inversely proportional toH?*.
Therefore, the curvature of the vdW forces is more sensitive
If the lattice constant of the solid film is not equal to that to H than toA,,. The curvature of the electric double layer is
of the layered icelike water, the bonds between the wateexponentially decaying witl.
molecules in the hydration-induced layered structure close to  Figure 2 plots the curvature of vdW, EDL, and the com-
the solid surface will be strained. The strain has an influencéination of the two interactions. When the thickness of the
on the phenomena at the solid—liquid interface. Recent exiquid layer is thick, the effect of the interaction energy for
periments have also shown that strain energy can play a sighe curvature is very small, even can be neglected, whereas
nificant role in nucleation processes, especially for the hetwhen the liquid layer thickness is less than 10 nm, the effect
erogeneous nucleation of ice from water on a solidof the interaction energy cannot be neglected any more and
surface®>~%In addition, a recent experiment showed that thebecomes significant. Figure 2 shows the critical thickréss
first few layers of liquid mercury in contact with a diamond resulting from the DLVO interactions and the critical thick-
surface form a layered structure with the orientation of solidness of the liquid layer is approximately 2 nm.
Hg crystals® If the first layers are solid like, there should be At small separation, below a few molecular diameters,
some strain due to the mismatch in the lattice constants cfome properties such as the dielectric constant and density
the solidlike liquid layer in contact with the solid film. It is are no longer the same as in the bulk, and a short-distance
proposed that the strain energy density in the liquid layer isntermolecular pair potential can be quite different from con-
as follows: tinuum theories, where DLVO theories are regarded as con-

4. Elastic strain energy
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tinuum theories. These short-distance interactions are usually =~ 8000141
referred to as solvation forces, whereas when the medium is
water, these forces are named hydration forces. Hydration
forces depend not only on the property of the intervening
medium but also on the chemical and physical properties of
the surfaces, whether amorphous or crystalline, smooth ori
rough, rigid or fluid like. Such forces can be very strong at B EDL
short range, and they are particularly important for determin-
ing the magnitude of the adhesion between the two surfaces
or interaction energy. 2004014 vaw

When the attractive vdW, repulsive EDL, and hydration N
forces[XDLVO (3)] are considered, the curvature sum can be 0 1 2 3 4 5 6 7 8 9 101 12143 U185
given as Separation H (nm)

@

6.00E+014
Hyd

4.00E+014

0.00E+000

4.00E+016 -
()

3.00E+016 -
An

=5 +64kn kBT,B2 exp—kH) 2.00E+016 -

( d?wy

dH? )
XDLVO(3) vdW-+EDL+Hyd

1.00E+016 -

" 4,
W, ¢/m

Wo

N 222 223
Nz

t =+ =+ =7
ETRANTETE

0.00E+000

X exp< — E) (23) -1.00E+016 - c
)\ .

-2.00E+016 : — : . —
00 05 1.0 15 20 26 30 35 40

Separation H (nm)

Figure 3 depicts the curve aPw, /dH? versus separa-
tion H. Since hydration forces play an important role at the ©
small separation, it must be considered in solid-on-liquid
structures. As shown in Fig. 3, the hydration force is very
large at separation below 3 nm. The sum of the curvature of 2.73x10"
the XDLVO(3) forces is plotted. From the Figs. 2 anth3
we can see that the curve¥w, /dH?)xp1yo(s) Moves to the
left in contrast to that of d?w, /dH?)p,o and the critical
thickness of the former is smaller than that of the latter. .

It is important to note that hydration forces do not arise H, \Hl H
simply because liquid molecules tend to structure into semi-
ordered layers at surfaces. They arise because of the disrug
tion or change of this ordering during the approach of a
second surface. If there were no change, there would be nc Separation H (am)
hydraﬂon forces, whereas the two effects are (.)f course _reIEIG. 3. (a) Curvature of the XDLVO interaction energies as a function of
lated, the greater the tendency towards structuring at an IS@eparatiorH. (b) Resultant curvature of the XDLVO interaction energies as
lated surface, the greater the hydration forces between thefunction of separatiohi. (c) Schematic curvature profile of the XDLVO
two surfaces. In solid-on-liquid structures, the bonds beinteraction energies.
tween the water molecules in the hydration-induced layered
structure close to the solid film surface will be strained if the
lattice constant of the solid film is not equal to that of the d?wy 0 N 202 223 Es
layered icelike water. In fact, the strain affects the phenom- ( dH2 :[)\7( 1+ ﬁ+ FJF ﬁ) TN
ena at the solid—liquid interface. So there should be some
strain because of the mismatch in the lattice constant of the H An
solidlike liquid layer in contact with the solid film if the first Xexp{ - I) T oaH?
few layers are solidlike. Note that there is no strain between )
the water molecules in the bulk water. Recent experiments +64xknkgT B exp(— kH). (24)
have also shown that strain energy can play a significant rolgigure 4b) shows the critical thickneds,. resulting from the
in the nucleation of ice from water on a solid surface. XDLVO (4) interactions, respectively. It is clear from Figs.

When all these four terms—i.e., vdW, EDL, hydration, 2(b) and 4b) that the critical thickness under the DLVO
and elastic strain energ)XDLVO (4)]—are considered, the interactions is not same as that in the state of XDLVO inter-
curvature sum of the volumetric free energy can be written asctions. Hence the effect of the XDLVO, especially the hy-

vdW+EDL+Hyd

W', (J/m")

) XDLVO(4)
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800810147 @ less than the critical thicknessH. and ah®+bh

<|(d®wy /dH?)xpvoes)| and stable if the liquid thickness is
S.00E+014 - Hyd less than the critical thicknessH. and ah3+bh
20054014 >|(d?wy, /d HZ)XDLVO(4)| .

1 00E+014 EDL (2) When the membrane force is compressive, there ex-
ists a critical thickness of the solid filin,. Let 16D 7%/L*

+ 4F w2/L% =ah®+bh=0: the critical thickness of the solid
W ESE film can be calculated ag.= J— 3L%(1— u?)o/E=*. When

] h>h., the solid film is stable iH>H_, whereas the solid
-3.00E+014 flm is stable if H<H, and ah®+bh
-4.00E+014.] vdW+EDL+Hyd+ESE >|(d*wy /dH?)xpyoes)| and unstable ifH<H. and ah®
_5.00E+014 — : — +bh<|(d2WV/d H2)XDLVO(4)|' When h<hc, the solid film

0 2 4 & & 02w is unstable ifH<H., whereas the solid film is stable i
Separation H (am) >H, and @2y /dH?) oo >|ah®+bh| and unstable if
20084013 - H>H, and @*wy /dH?)yxp1yoe)<|ah®+bh|.

Since the stability of a solid film depends on the value of

1.00E4013 AW, whenAW,>0, the change of total volumetric energy
] due to small perturbations is greater than zero and the solid
film is stable, whereas wheiW,,<0, the solid film is un-
0.00E+000

stable.

4.00E+014

0.00E+000 -~ == —=--— ==

W, Jm)

-1.00E+014 -

-2.00E+014

- 4,
W, (/m')
fa o]

-1.00E+013
vdW+EDL+Hyd+ESE lll. CRITICAL WAVELENGTH OF THE SOLID FILM

2008+0137 The total change of free energy in the solid-on-liquid

structure can be written as
BB T T T T T T T

5 6 7 8 8 10 1 12 13 14 15 12

Separation H (am) (AWy) xpLvo(a) = Il (AL*+BL?+C), (26)

FIG. 4. (a) Curvature of the interaction energy as a function of separation \yhereA. B. C are
in the presence of vdW, EDL, hydration force, and elastic strain enésgy. T

Resultant curvature of the interaction energy as a function of sepakation 1 h
the presence of these four interactions. A= 2 ot +64kn kBT,B2 exp(—«H)
a
2 3 2
dration force and resulting elastic strain energy, cannot be + Vlg 1+ £+ 2%+ zis) - ﬁ ex;{ - ﬂ)]
neglected. The value of the critical thickness of the liquid A H H® H 2\ A
layer is independent of the solid film thickndssAs shown B=F 2

in Fig. 4(b), the critical thickness is about 8 nm. However,
the critical thickness by DLVO theory is about 1.8 nm, as C=4D 2

shown in Fig. 2. For the flat film to be unstable, the total change in free en-

ergy must be less than zero—that W, <0. By letting

2. Critical thickness of the solid film AW, <0, the inequality about the wavelengdthcan be writ-
The total change of free energy in the solid-on-liquid t€n as
structure is given as AL%+BL2+C<0.

If B2—4AC=0, then

AL Ap )
AW, = 2 —m+64KnkBTﬂ exp(—kH)

2 An 2
F-—Dj{ — 7 +64xknkg T B exp(— xH)

Eed p( H LWl A . 2)‘2+ 2>\3) 27H
T oy OXP T T2 T gz T h3
2\ MoOAUH O HTOH Wo[ A 222 223 Ee2 HY|
H\] 16D7* 4F 2 T TR e T L Ry
xXexp ——| |+ N + Iz [ (25
A That is, the curvature of volumetric free energy can be writ-
Let a= 4E7*/3L*(1—u?), b= 4ow?/L? and f=0: the tenas
stability analysis of the solid film is as follows. d>w, F?

(1) When the membrane force is tensile, Di6*/L*
+ 4F 7?/L? =ah®+bh>0, the solid film is always stable if
the liquid thickness is greater than the critical thicknss ~ So F?/D is the critical curvature. Under the condition of
whereas the solid film is unstable if the liquid thickness isB2—4AC<0, the total free energy changAW,=AL*

dH? D 27
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+BL?+C<0 if A<0 and AWy=AL*+BL2+C>0 if A
>0: that is, the solid film is unstable A<0 and stable if
A>0 in the state 0B2—4AC<0.

Since the parametd? is always greater than zero, three

cases are distinguished in following discussion, which is on

the condition ofC>0.
Case 1B<0
(1) WhenA<0, critical wavelength can be written as

—-B—
Ler=

The flat film is unstable iL>L_, and stable if G<L<L,.
(2) WhenA=0, critical wavelength can be written as

C
Lcr: - g

The flat film is unstable iL>L., and stable if &<L<L,.
(3) When A>0, there exist two critical wavelengths,
which can be written as

B%2—4AC
2A

B2—4AC

\/_B_
L = i
crl 2A

\/—B+ VB2—4AC
Lera= .

2A

It is obvious thatl .,;<L.,». So the flat film is unstable if
Le1<L<Lgp, stable if OKL <L, or L>L;5.
Case 2B>0

(1) WhenA<0, critical wavelength can be written as

—-B—
Ler=

The flat film is unstable iL>L ., and stable if &<L<L,.

B%—4AC
2A
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I : Unstable

11 : Stable
III: Stable

Critical wavelength L (pm)

H
i ©

Y L LA
0.0 05 1.0 15

T
20 25 3.0 3.5 4.0

Separation H (nm)

FIG. 5. The critical wavelength,, profile versus the separation distarite
when DLVO theory is applied. The stability regime is plotted when the
membrane force is tensile.

A. Critical thickness

As shown in Fig. 2, vdW forces predominate over the
EDL before the resultant curve arrives at the maximum,
whereas after the maximum, the EDL is predominant. The
curvature of the combined interaction energy is concave
down for the thin liquid layer, but concave up for thick liquid
layer, and the critical thickness of the liquid layer is about
1.8 nm.

Figure 3 shows the curvature of the XDLV®) interac-
tion energy. VdW forces predominate over EDL and hydra-
tion forces, whereas after the maximum, the EDL and hydra-
tion forces are predominant. Since hydration forces are
particularly important when the separation distance is
smaller than 3 nm, the hydration forces predominate over the
EDL after the maximum. The curvature of the combined in-
teraction energy is concave down for the thin liquid layer,

(2) When A=0, the total change of free energy in the but concave up for the thick liquid layer, and the critical

solid-on-liquid structure is greater than zero—thatAd,*
+BL%+C>0. The flat film is always stable.

(3) When A>0, the total change of free energy in the

solid-on-liquid structure is greater than zero—namely,*
+BL2+C>0. The flat film is always stable.
Case 3B=0

thickness of the liquid layer is about 0.26 nm, which at-
tributes the action of hydration forces.

vdW forces and elastic strain energy predominate over
EDL and hydration forces before the resultant curve arrives
at the maximum, as shown in Fig. 4: however, the EDL and
hydration forces are predominant after the maximum. The

(1) WhenA<0, the critical wavelength can be written as curvature of the combined interaction energy is concave

C 1/4
"

Lcr:(_

The flat film is unstable it >L;, and stable if G<L<L,.

down for the thin liquid layer, but concave up for the thick
liquid layer, and the critical thickness of the liquid layer is
about 8 nm.

(2) When A=0, the total change of free energy in the B- Stability of the solid film

solid-on-liquid structure is greater than zero—thatAd,*
+BL2+C>0. The flat film is always stable.

IV. DISCUSSION

We will use the representative valugg=10 2°J, ¢,
=0.1V, E=100 GPa,x=0.3, ando=*=100 MPa in this
section for the calculations.

When the membrane force is tensile, using representa-
tive values as before andE=100 GPa, ©=0.3, o
=100 MPa,h=10 nm, andf=0, the stability regimes are
plotted in Figs. 5—7 under the condition of different combi-
nations of interaction energies.

When the interaction energy result from DLVO theory,
the stability regime is plotted in Fig. 5 under the condition
that the membrane force be tensile. As shown in Fig. 5, in
region I,L>L.,, and the flat film is unstable. In region I,
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104 I : Unstable the flat film is unstable. In region I, QL<L,, and the flat
1T : Stable film is stable. In region lll, the flat film is always stable
o I Stable because of the total free energy changé/,=AL*+BL?

+C>0. That is, when the membrane force is tensile, the flat
film is stable if H>H_.. But there exists a critical wave-
6 length if H<H.: the flat film is unstable ifL>L, and
stable if 0<L<L,,. From comparison of the three cases, we
can see that the magnitude of the critical thickness of the
liquid layer,H., is different, but the distribution trend of the
stability regime is identical.
24 L When the membrane force is compressive, using the rep-
resentative values as before afeF 100 GPa,u=0.3, o=
. n i —100 MPa, h=10 nm, andf=0, the value ofF?/D ap-
0o 05 10 15 20 25 30 35 40 proximates 2.78 10" J/nf*. This value is denoted in Fig. 2.
Separation H (nm) We make a line parallel to the axis of separatidrirom this
6. 6. The crtical enath o " o distae point of F?/D, and this line and the curve of resultant inter-
S e e e iy e (s 2C10NS ifersect wih two poins. Then we make perpendicL-
plotted when the membrane force is tensile. lar lines from the two points, respectively, which intersects
with the axis of separatiofl at two points ofH,; andH,.
Since the value ofF?/D is less than the maximum of the
0<L<L,, and the flat film is stable. In region IIAW,  resultant curve of these three interactions, the line parallel to
=AL*+BL2+C>0, and the flat film is always stable. That axis of separatiomd from F?/D intersects with the curve of
is, when the membrane force is tensile, the flat film is stablgesultant interactions at two points. So according to the same
if H>H.. But there exists a critical wavelength if method as above, the pointsidf andH, are obtained from
H<H.: the flat film is unstable iL>L, and stable if 0 Fig. 3. However, when the XDLV@) forces are considered,
<L<Lg. the value ofF2/D exceeds the maximum of the resultant
When XDLVO(3) interaction energies are considered, curve of these four interactions, and so there are no intersec-
Fig. 6 shows the stability regime under the condition that thdions with the curve of the resultant interactions.
membrane force be tensile. In regiorLI>L.,, and the flat When the intermolecular forces result from DLVO
film is unstable. In region Il, &L<L.,, and the flat film is  theory, the stability regime is potted in Fig. 8. Since the
stable. In region Ill, the change of free energy is greater thawritical thicknessH. is very neaH,, two figures are plotted
zero,AW,,>0, so the flat film is always stable. That is, the in order to explicitly express the stability regimes between
flat film is stable ifH>H. when the membrane force is H.andH;. In region I, we have.>L,,, and the flat film is
tensile, and the flat film is unstablelif~L., andH<H. and  unstable. In region I, &L<L,4, the flat film is stable. In
stable if O<L<L., andH<H,. region lll, we haveL>L,,, and the flat film is stable. In
When XDLVO(4) interaction energies are considered, region IV, 0<L<L,,;, and the flat film is stable. In region
the stability regime is shown in Fig. 7 under the conditionV, L.;<L<L,,,, and the flat film is unstable. In region VI,
that the membrane force be tensile. In region®L.,, and H;<H<H,, and the flat film is stable. In region VIL,
>L¢2, and the flat film is stable. In region VIII, QL
<L¢1, and the flat film is stable. In region IX, ;<L

Critical wavelength L _ (um)

1 : Unstable <L, and the flat film is unstable.
11 : Stable When XDLVO(3) intermolecular forces are considered,
ad IIL: Stable Fig. 9 shows the stability regime. Since the distance between

H. andH in Fig. 9 is shorter than that in Fig. 8, the stability
regime between 0 and 20 nm is divided into three parts. In

64 region I,L>L,,;, and the flat film is unstable. In region II,
I 0<L<Lg, the flat film is stable. In region IL>L,,,
ol ; 1t and the flat film is stable. In region IV,<OL<L,;, and the

flat film is stable. In region VL. <L<L,,, and the flat
film is unstable. In region VIH;<H<H,, and the flat film

Critical wavelength L (um)

2+ is stable. In region VIIL>L,,,, and the flat film is stable.
l L. - In region VIII, 0<L<L,4, and the flat film is stable. In
n region 1X, L¢; <L <L, and the flat film is unstable. The
0 —7r r r - rrrtrrrrr 11T 1t r 11 e H H H R H H H
o 2 4 6 8 10 12 14 16 18 20 critical thicknessH. of the liquid layer is indicated in this
Separation H (nm) regime, as ddd; andH,.

For DLVO(4), there do not exist the critical valuesldf;
FIG. 7. The critical wavelength,, profile versus the separation distartte

. ; ; . : WandH2 because of the value &7?/D greater than the maxi-
Interaction energies that were considered for this calculation were vdW, . .
EDL, hydration force, and elastic strain energy. The stability regime is plot-mum Of the_ resu“"e_mt CL_Jrve of the_se four mteracthns. As
ted in when the membrane force is tensile. shown in Fig. 10, five different regions can be partitioned.
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FIG. 8. Stability regime of the solid film in terms of the critical wavelength VI : Stable
L., as a function of separatiohl by using DLVO theory.(a) Stability 1i VIL: Stable
regime between 0 and 2.5 nfiv) Stability regime between 2 nm and 20 nm. 64 VI Stablil
o~ {i IX : Unstable
g .
. . . . . . .—ls
The flat film is unstable in regions | and V: inequalities g ,
>l andlg<L<Lg, are held in these two regions, re- &
. « . . . o
spectively. The flat film is stable in regions Il, Ill, and IV: § 2 Vi
inequalities O<L<L,q, L>L,, and 0<L<L,,, are held -
in these three regions, respectively. The critical thickness ofg 2
the liquid layer,H., is indicated by the dotted line.
14
] Hl Hz
V. SUMMARY 0
T T T T A T v 1
5 10 15 20

The critical wavelength and critical thickness of the solid
film are calculated, and the critical thickness of the liquid
layer is obtained in the presence of elastic energy chang®G. 9. Stability regime of the solid film in terms of the critical wavelength
within the solid film, surface component, and volumetric L @s @ function of separatidd by using XDLVO(3). (2) Stability regime
component consisting of XDLV@). A one-dimensional dis- betyveen 0 andH. . (b) Stability regime betweehl, andH;. (c) Stability

- regime betweetd, and 20 nm.
turbance has been performed to study the stability of very
thin solid-on-liquid structures. The solid film is stable when
the total change of free energy in the SOL structure is greatdfon of the film: however, vdW forces with negative Hamaker
than zero, whereas the solid film is unstable when the totatonstant, EDL, and hydration forces stabilize the film. The
change of free energy in the SOL structure is less than zer@ffect of critical wavelength and the critical thickness on the
Stability regimes of the solid film are plotted under different stability of the solid film are estimated. As far as XDLV4)
interactions. It is shown that tensile residual stress of thés concerned, there exists only a critical wavelength;
solid film tends to stabilize the film, vdW forces with posi- when the separation lies between 0 dhg—the thin solid
tive Hamaker constant, and elastic strain energy destabilizdim is unstable if L>L,; and stable if

Separation H (nm)
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FIG. 10. Stability regime of the solid film in terms of the critical wavelength
L., as a function of separatiod. Interaction energies for this calculation
were vdW, EDL, hydration force, and elastic strain energy.

0<L<L.1—Wwhereas there exist two critical wavelengths
of L1 andL ., when the separation is greater tHap—the
thin solid film is unstable ifL.;<L<L,,, and stable if 0
<L<L¢ andL>L,». When the ion concentration of the
liquid layer becomes thicker, the critical thickness of the lig-
uid layer becomes smaller.
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APPENDIX

The nomenclature used is the following:

An Hamaker constant,

A’ amplitude of the small perturbation of the solid film,

D flexural rigidity of the solid film,

e charge of electron,

E Young’s modulus, -

f sum of the surface stresses at the top and bottony
surfaces of the solid film,

F resultant membrane force of the solid film,

h thickness of the solid film,

h. critical thickness of the solid film,

h' perturbated thickness of solid film,

H thickness of the liquid layer,

H. critical thickness of the liquid layer,

Kg Boltzmann constant,

L wavelength,

Ler critical wavelength,

n number density,

T absolute temperature,

u in-plane displacement in the direction,

v in-plane displacement in the direction,

w free energy density,

Wese  elastic strain energy density,

Wgp.  electric double-layer energy density,

Solid films in solid-on-liquid structure 5375

Whyg  hydration energy density,

We elastic energy within the solid film,

Wy surface component of the free energy in the SOL
structure,

Wy density of volumetric component of the free energy
in the SOL structure,

Wy volumetric component of the free energy in the SOL
structure,

W,qw Vvan der Waals energy density,

z valence of species ions,

B tanhgepd4xgT),

€ dielectric permittivity of the solvent,

€0 strain of the first monolayer,

K reciprocal of the Debye length,

N decay length,

M Poisson’s radio,

o

bs

residual stress of the solid film,
surface potential.

The abbreviations are as follows:

DLVO vdwW+ EDL

elastic strain energy,
Hyd hydration force,
vdw van der Waals,
XDLVO(3) vdW+EDL+ hyd,
XDLVO(4) vdW+ EDL+ hyd+ ESE.
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