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Wetting of van der Waals solid films on self-affine rough surfaces
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In this work we investigate the influence of random self-affine substrate roughness on the solid layer
thickness under conditions of triple-point wetting of adsorbed van der Waals films. Our calculations show that
a significant solid film thicknessls can be reached~in the nanometer range! for substrate roughness parameters
w/j<0.05 and/orH'1 with w the rms roughness amplitude,j the lateral roughness correlation length, andH
the roughness exponent (0<H<1). Independent of substrate-particle and particle-particle interactions, with
increasing roughness exponentH and/or decreasing ratiow/j the solid film thicknessls increases since the
substrate surface becomes smoother. Finally, the solid layer thickness is shown to be sensitive to growth details
of the substrate roughness as described in many cases in terms of dynamic scaling theory.
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Wetting phenomena of solid substrates constitute a to
of intense research from both the fundamental1,2 and
technological3–5 points of view. Wetting of liquids on flat
solid substrates is well understood from the microsco
point of view,1,2,6 and it is driven by the strong substrat
particle ~van der Waals! attraction forces. In this case, th
liquid film thickness is described as a function of substra
particle and particle-particle interactions for specified th
modynamic parameters~pressureP and temperatureT!. Ex-
periments with noble gases1 on different substrates
confirmed that the thickness of the wetting layer increa
with increasing substrate-particle attraction~for fixed param-
eters P and T!. Complete wetting occurs for stronge
substrate-particle attraction than particle-particle inter
tions, and approaching liquid-gas coexistence for sys
temperatureT higher than the triple point temperatureT3 .
For T,T3 a solid film of finite thicknessls is formed close
to the sublimation line. Indeed, the solid film thicknessls is
always finite when solid-gas coexistence is approached7–11

This case is called complete solid wetting in contrast to
uids where during complete wetting the thickness becom
infinite.7–13

There is a major difference between solid and liquid w
ting due to the inability of a solid film to relax the elast
compression originating by the substrate attraction, whic
incorporated by the reduced substrate-particle Hamaker
stant R. This is incorporated in the Gittes-Schick~GS!
theory11 for solid film adsorption on flat substrates. Comple
solid wetting occurs forR5Ro (ls is still finite!, while for
R.Ro the solid film thicknessls decreases with increasin
R.11 However, the GS theory applies only to flat substrat
Recently, it was shown that the key parameter govern
adsorption of solid films is the substrate roughness, ra
than the elastic deformation caused by the particle-subs
attraction.12 Moreover, it was shown by theory and co
firmed by experiment that a finite substrate roughness le
to triple-point wetting, and reduces the solid layer thickne
ls .12 Analytic calculations of the roughness factor we
given for the case of self-affine rough surfaces, which w
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described by the roughness exponentH, the rms roughness
amplitudew, and the in-plane roughness correlation leng
j.13 Indeed, for a wide variety surfaces, i.e., the nanome
scale topology of vapor deposited thin films, eroded a
fractured surfaces etc., the associated roughness morpho
is well quantified in terms of self-affine scaling.14,15 At any
rate, precise characterization of substrate roughness is ne
sary in solid layer wetting situations i.e., in coatings
sculpted substrates, curved nanoparticles,16,17 etc.

In this work we will show quantitatively the effect of th
substrate roughness parametersw, j, andH on the solid layer
thicknessls by taking also into account specific elastic pro
erties of the wetting solid layer film, and the strength of t
substrate-particle and particle-particle interactions. Indeed
the previous work13 it was shown only qualitatively the ef
fect of the parametersw, j, andH by ignoring contributions
arising from the free energy penalty due to the substrate
traction and assuming pressures solely at gas/solid coe
ence.

For rough solid substrates, the wetting layer thickness~for
fixed T and P! is obtained by minimization of the exces
grand canonical free energy~per unit area! S(ls ,,,)
5S1(ls ,,,)1S2(ls)1S3(ls).

11,12It is assumed that a liq-
uid film of thickness,, is on top of a solid film, which is on
top of the rough solid substrate.S1(ls ,,,) is the thermody-
namic part,1,18 S2(ls) the free energy penalty due to su
strate attraction,7,11 andS3(ls) the elastic free energy due t
solid layer bending caused by substrate roughness. Thus
have briefly11,12,19,20
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with g’s the extrapolated interfacial tension between w
~w!, solid ~s!, liquid ~,!, and gas~g!. E is the Young’s modu-
lus of the solid film andv its poison ratio.Po andPo8 are the
coexistence pressures respectively between gas/solid
gas/liquid.rg , r, , andrs are the number densities at ga
solid and gas/liquid coexistence (rg!r,,rs). C andHc are
respectively the Hamaker constants for the substrate/par
and particle/particle interaction potentials withA15(rs
2r,)(C2rsHc), A25(rs2r,)r,Hc , and A35r,(C
2rsHc).

1 S50.0229(R2Ro)s with R5C/Hcrs and s a
molecular length.11

The substrate roughness is described by a single va
random functionh(rW) of the in-plane position vectorrW
(^h(rW)&50) with A the average flat macroscopic area. F
away from the triple point at the solid-gas coexistence,,
50), the equilibrium solid thicknessls is obtained by mini-
misation of S(ls ,,,) or ]S(ls ,,,)/]lsu,,5050 which
yields13

rs

rg
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~C2rsHc!
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If we define the Fourier transformh(rW)5*h(qW )e2 jqW •rWd2qW
we obtain,13 ]S3 /]ls5@Els

2/8(12n2)#
3@(2p)4/A#*0<uqW u,Qc

q4^uh(qW )u2&d2qW ~for translation in-
variant roughness!, ^¯& an ensemble average over possib
roughness configurations, and^uh(qW )u2& the roughness spec
trum. Qc5p/co is an upper roughness cut-off withco of the
order of atomic dimensions. For self-affine fractal roughn
^uh(qW )u2& scales as a power laŵuh(qW )u2&}q2222H if qj
@1, and^uh(qW )u2&}const ifqj!1.14,15The roughness expo
nent H is a measure of the degree of surfa
irregularity.14,15,21This scaling behavior is satisfied21 by the
roughness spectrum ^uh(qW )u2&5@A/(2p)5#@w2j2/(1
1aq2j2)11H# with a5(1/2H)@12(11aQc

2j2)2H# for 0
,H,1.

Our calculations were performed for roughness amplitu
w55 nm, co50.3 nm, n50.3, and s50.3 nm, Hamaker
constants Hc52.4431026 eV nm6 and C50.39
31023 eV nm3,12 Ro51.88,12 and density ratio rs /rg
5700. The parametersHc , C, and Ro correspond to solid
hydrogen.12 Grain boundaries in the solid layer are n
glected, while local defect formation in the solid near t
substrate interface can be included since they will only a
theg’s.22 Moreover, the present theory requires weak rou
ness so thatu¹hu,1 or quantitativelyr rms5A^u¹hu2&,1.13

Figure 1 shows the evolution of the solid layer thickne
ls ~for P5Po) as a function of the substrate in-plane roug
ness correlation lengthj. As the surface becomes smoother
large length scales, which corresponds to a decreasing
w/j, the solid layer thickness clearly increases. The inc
ment ofls is faster and larger in magnitude for lower valu
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of the elastic modulusE which correspond to lower attrac
tion induced strain energy and lower bending energy due
substrate roughness.

The effect of the roughness exponentH becomes more
pronounced if we consider the variation of the solid lay
thicknessls as a function of the ratioR ~particle-substrate to
particle-particle interactions! as can be seen in Fig. 2. As
function of R the solid thickness has a maximum atR5Ro
~complete solid wetting! and further decreases forR.Ro in
agreement with the general scenario of the GS theory.
effect of the roughness exponentH is more pronounced for
interaction ratios around the maximum atR5Ro (S50)
where complete solid wetting occurs (ls is always finite
when solid-gas coexistence is approached7–10,11!. Moreover,
the magnitude ofls decreases faster for smoother surfaces
short length scales or larger roughness exponentsH as Fig. 2
indicates.

The observed maximum of the solid layer thicknessls
aroundR'Ro becomes more pronounced for large roug
ness exponentsH'1 as Fig. 2 indicates, and lower values
the elastic modulusE as is shown in Fig. 3. Furthermore, a
Fig. 4 shows, the solid layer thicknessls increases rathe
fast in magnitude with decreasing long wavelength rou

FIG. 1. Solid layer thicknessls ~for P5Po) as a function of the
substrate in-plane roughness correlation lengthj for large rough-
ness exponentH50.9.

FIG. 2. Solid layer thicknessls ~for P5Po) as a function of the
reduced stress ratioR/Ro for E51 Pa, j5500 nm (w/j50.01),
and two different exponentsH. The dotted line indicatesR5Ro .
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ness ratiow/j when the pressureP is close to the pressur
Po for gas/solid coexistence. Similar is the situation if w
consider the variation of the solid layer thicknessls for two
slightly different roughness exponentsH as Fig. 5 shows.
Clearly, the effect of the roughness exponentH is more pro-
nounced for smoother surfaces or smaller ratiosw/j. In any
case, the modulation of the solid layer thicknessls by
changing the substrate roughness is clearly more effective
thermodynamic conditions close to solid/gas coexistence

Our calculations can be used for wetting studies on s
affine rough substrates formed by non-equilibrium depo
tion of metal solid films~i.e., Au, Ag, Cu, etc.!.14,15 Self-
affine roughness can be formed by deposition of metal fi
onto Si-oxide surfaces or other substrates at relatively
temperatures~i.e., close to room temperature!.14,15,23 Varia-
tion of deposition parameters~deposition rate, substrate tem
perature, film thickness! can alter the solid thin film~sub-
strate! roughness parameters,14,15 which in turn can be used
as an alternative way to control tripple point wetting ph
nomena.

Therefore, one might consider to modulate substr
roughness by depositing a metal film with various thickne
which effectively yields different roughness parametersw, j,

FIG. 4. Solid layer thicknessls as a function of the ratiow/j
for R54.5, H50.9, E5100 Pa and various values of the pressu
ratio P/Po .

FIG. 3. Solid layer thicknessls ~for P5Po) as a function of the
reduced stress ratioR/Ro with H50.9, j5500 nm ~ratio w/j
50.01), and various values ofE. The dotted line indicatesR
5Ro .
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andH. A wide variety of growth dynamic studies in the pa
have shown that the roughness parametersw and j can
evolve with film thickness~for constant deposition rate! as
power-laws such thatw}hb andj}hc, while the exponentH
remains independent from thickness changes.14,15 If c
5b/H then the local surface slope is an invariant of t
problem ~or r rms5const) which also yields an invarian
roughness contribution tols as is shown in Fig. 6~dotted
line!. In our calculations we have taken the growth expon
b50.25 smaller than 1 so thatw,d with w
5(d/10)b (nm), the roughness exponentH50.8, and dy-
namic exponents c in the range c>b/H with j
510(d/10)c (nm).14,15 The solid layer thicknessls shows
significant sensitivity on the dynamic exponentc when c
.b/H. This is because as the correlation lengthj increases
much faster than the rms roughness amplitudew significant
smoothening occurs, leading to lower roughness contribu
sinceS3;w2/j4.13

In conclusion, we explored quantitatively the influence
the roughness parametersw, j, andH that characterize ran
dom self-affine substrate roughness on the solid layer th
nessls of adsorbed van der Waals films. It shown that
significant film thicknessls ~in the nanometer range! can be
achieved for substrate roughness parametersw/j,0.01 and
H.0.5. Indeed, nanometer thickness~>10 nm! van der

FIG. 5. Solid layer thicknessls as a function of the ratiow/j
for R54.5, two consecutive roughness exponentsH, E5100 Pa
andP/Po50.5(,1).

FIG. 6. Solid layer thicknessls ~for P5Po) as a function of the
substrate film thicknessd for R54.5, roughness exponentH50.8,
andE5100 Pa.
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Waals film are necessary in diverse research areas, w
include neutrino rest mass determination,24 laser fusion,25

slow muon surface investigations,26 and optical
spectroscopy.27 Finally, the solid layer thickness is shown
be sensitive to substrate roughness growth details, which
described in many cases in terms of scaling exponents
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