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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 thickness can be reache(n the nanometer rangéor substrate roughness parameters
w/¢=<0.05 and/oH~1 with w the rms roughness amplitudgthe lateral roughness correlation length, &hd
the roughness exponent€MH=<1). Independent of substrate-particle and particle-particle interactions, with
increasing roughness exponétand/or decreasing ratiw/¢ the solid film thickness\ g 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 topidescribed by the roughness exponkhtthe rms roughness
of intense research from both the fundamérftabnd amplitudew, and the in-plane roughness correlation length
technological™® points of view. Wetting of liquids on flat & Indeed, for a wide variety surfaces, i.e., the nanometer
solid substrates is well understood from the microscopiccale topology of vapor deposited thin films, eroded and
point of view>?® and it is driven by the strong substrate- fractured surfaces etc., the associated roughness morphology
particle (van der Waals attraction forces. In this case, the is well quantified in terms of self-affine scaling:® At any
liquid film thickness is described as a function of substratelate, precise characterization of substrate roughness is neces-
particle and particle-particle interactions for specified thersary in solid layer wetting situations i.e., in coatings of
modynamic parametef@ressureP and temperaturd). Ex-  Sculpted substrates, curved nanopartiéfes etc.
periments with noble gaskson different substrates In this work we will show quantitatively the effect of the
confirmed that the thickness of the wetting layer increase§ubstrate roughness parameters, andH on the solid layer
with increasing substrate-particle attractior fixed param-  thickness\¢ by taking also into account specific elastic prop-
eters P and T). Complete wetting occurs for stronger erties of the wetting solid layer film, and the strength of the
substrate-particle attraction than particle-particle interacsubstrate-particle and particle-particle interactions. Indeed, in
tions, and approaching liquid-gas coexistence for systerthe previous work® it was shown only qualitatively the ef-
temperatureT higher than the triple point temperatufg.  fect of the parametens, &, andH by ignoring contributions
For T<T; a solid film of finite thicknesa is formed close arising from the free energy penalty due to the substrate at-
to the sublimation line. Indeed, the solid film thicknessis ~ traction and assuming pressures solely at gas/solid coexist-
always finite when solid-gas coexistence is approa¢htd. ence.
This case is called complete solid wetting in contrast to lig- For rough solid substrates, the wetting layer thickriéss
uids where during complete wetting the thickness becomefixed T and P) is obtained by minimization of the excess
infinite.”~13 grand canonical free energyper unit area X(\g,€,)
There is a major difference between solid and liquid wet-==1(As.€¢) +Z2(\g) +23(\g). It is assumed that a lig-
ting due to the inability of a solid film to relax the elastic uid film of thicknesst, is on top of a solid film, which is on
compression originating by the substrate attraction, which igop of the rough solid substrat®, (s, €) is the thermody-
incorporated by the reduced substrate-particle Hamaker comamic part:*® 3,(\,) the free energy penalty due to sub-
stant R This is incorporated in the Gittes-SchialS)  Strate attractior," and 3(\) the elastic free energy due to
theory'! for solid film adsorption on flat substrates. Completesolid layer bending caused by substrate roughness. Thus, we
solid wetting occurs foR=R, (A is still finite), while for  have briefly* %
R>R, the solid film thickness\ ¢ decreases with increasing
R However, the GS theory applies only to flat substrates.

Recently, it was shown that the key parameter governing®1= Ywst ¥s¢™ Yeg™ Ywgt Ns(Po— P)%Jffe(Pé—P)%
adsorption of solid films is the substrate roughness, rather g g
than the elastic deformation caused by the particle-substrate A A As

attraction'?> Moreover, it was shown by theory and con- +)\_§+€_§+m’ )

firmed by experiment that a finite substrate roughness leads

to triple-point wetting, and reduces the solid layer thickness

\s.? Analytic calculations of the roughness factor were S —— 3E POCl+o\? )
given for the case of self-affine rough surfaces, which were 2 2(1+v) s s 7
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s =—TEA§ ij {(V2h)?+2(1=n)[ ()
37241-v) A )a VIL{Oxy
— 35,hd5 N 2T, 3
with y's the extrapolated interfacial tension between wall
(w), solid (s), liquid (¢), and gadg). E is the Young’s modu-
lus of the solid film and its poison ratioP, andP/ are the

coexistence pressures respectively between gas/solid and

gasl/liquid.pq, p¢, andpg are the number densities at gas/
solid and gas/liquid coexistencpd<p,<ps). C andH_ are
respectively the Hamaker constants for the substrate/partic
and particle/particle interaction potentials with;=(ps
—p)(C—psHe),  As=(ps—pe)pHe, and Az=p,(C
—psHe).r S=0.0229R—R,) o with R=C/H_ps and o a
molecular lengtt?!

The substrate roughness is described by a single valuqsii

random functionh(r) of the in-plane position vector

((h(r)y=0) with A the average flat macroscopic area. Far

away from the triple point at the solid-gas coexistenée (

=0), the equilibrium solid thickness, is obtained by mini-

misation of (s, €,) or d%(As,€)/INg¢,~0=0 which
925

yields
5
* Mg

If we define the Fourier transforr(f)=fh(g)e 19 "d?q
we obtain'® 9331 dNs=[ENZ8(1—1?)]
X[(2m)*A]S o=iq <. a*([n(d)[?)d*G (for translation in-
variant roughness(---) an ensemble average over possible
roughness configurations, afih(q)|?) the roughness spec-
trum. Q.= m/c, is an upper roughness cut-off witly of the

. 3E &
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FIG. 1. Solid layer thickness, (for P=P,) as a function of the
bstrate in-plane roughness correlation lengfior large rough-
ss exponert =0.9.

of the elastic modulug which correspond to lower attrac-
tion induced strain energy and lower bending energy due to
substrate roughness.

The effect of the roughness expondtitbecomes more
pronounced if we consider the variation of the solid layer
thickness\ ¢ as a function of the rati® (particle-substrate to
particle-particle interactionsas can be seen in Fig. 2. As a
function of R the solid thickness has a maximumR& R,
(complete solid wettingand further decreases f&>R, in
agreement with the general scenario of the GS theory. The
effect of the roughness expondtis more pronounced for
interaction ratios around the maximum B&ER, (S=0)
where complete solid wetting occura ( is always finite
when solid-gas coexistence is approach&d'). Moreover,
the magnitude ok ; decreases faster for smoother surfaces at
short length scales or larger roughness expondrds Fig. 2
indicates.

order of atomic dimensions. For self-affine fractal roughness The observed maximum of the solid layer thickness

{|n(G)|?) scales as a power la
>1, and(|h(§)|?)=const ifqé<1.2**The roughness expo-
nent H is a measure of the degree of surface
irregularity!*1>?1This scaling behavior is satisfigdby the
roughness  spectrum (|h(G)|?)=[A/(27)°][W?£?/(1
+ag?e?)t M) with a=(1/2H)[1—(1+aQ?¢?) ] for 0
<H<1.

qh(ﬁﬂz}mq’z’z*‘ if q¢

Our calculations were performed for roughness amplitude

w=5nm, ¢,=0.3nm, »=0.3, and c=0.3 nm, Hamaker
constants H,=2.44x10 %evnnP and C=0.39
X103 eVnn?,*? R,=1.88% and density ratio ps/p,
=700. The parameterd., C, and R, correspond to solid
hydrogent? Grain boundaries in the solid layer are ne-
glected, while local defect formation in the solid near the
substrate interface can be included since they will only alte

the y's.22 Moreover, the present theory requires weak rough-

ness so thaVh|<1 or quantitativelyp,ms= (| Vh[?)<1.3

Figure 1 shows the evolution of the solid layer thickness

\ (for P=P,) as a function of the substrate in-plane rough-
ness correlation length As the surface becomes smoother at
large length scales, which corresponds to a decreasing rat
w/ &, the solid layer thickness clearly increases. The incre
ment of\ ¢ is faster and larger in magnitude for lower values

aroundR~R, becomes more pronounced for large rough-
ness exponentd~1 as Fig. 2 indicates, and lower values of
the elastic modulu& as is shown in Fig. 3. Furthermore, as
Fig. 4 shows, the solid layer thickneas increases rather

fast in magnitude with decreasing long wavelength rough-
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i0 FIG. 2. Solid layer thickness, (for P=P,) as a function of the
feduced stress rati®/R, for E=1 Pa, £&=500 nm {w/£=0.01),
and two different exponentd. The dotted line indicateR=R,, .
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FIG. 5. Solid layer thicknessg as a function of the ratiav/¢
for R=4.5, two consecutive roughness exponertsE=100 Pa
andP/P,=0.5(<1).

FIG. 3. Solid layer thickness, (for P=P,) as a function of the
reduced stress rati®/R, with H=0.9, £=500 nm (ratio w/¢
=0.01), and various values d&. The dotted line indicateR
=R,. andH. A wide variety of growth dynamic studies in the past
have shown that the roughness parametgrand ¢ can

ness ration/¢ when the pressur® is close to the pressure €volve with film thicknesbs(for constant deposition rates
‘ c i
P, for gas/solid coexistence. Similar is the situation if we POWer-laws such thavh®andgeh®, while the exponert!

consider the variation of the solid layer thicknessfor two remains independent from thickne§s Ch?‘”]dé.g- It c
slightly different roughness exponerits as Fig. 5 shows. =h/H then the local surfacg slope is an mvangnt qf the
Clearly, the effect of the roughness exponkis more pro-  Problem (or py,s=const) which also yields an invariant
nounced for smoother surfaces or smaller ratigg. In any ~ oughness contribution ta as is shown in Fig. Gdotted
case, the modulation of the solid layer thickness by line). In our calculations we have taken the growth exponent
changing the substrate roughness is clearly more effective fdt~ 0:25 ~smaller than 1 so thatw<d with ~w
thermodynamic conditions close to solid/gas coexistence. — (4/10)° (nm), the roughness exponeht=0.8, and dy-
Our calculations can be used for wetting studies on selff@MiC €éxponentsc in the range c=b/H with ¢

— 14,15 - .
affine rough substrates formed by non-equilibrium deposi=10(d/10)° (nm).**>The solid layer thicknesas shows

tion of metal solid films(i.e., Au, Ag, Cu, etd.}45 Self- significant sensitivity on the dynamic exponemtwhen c
affine roughness can be formed by deposition of metal films>b/H. This is because as the correlation lengtincreases
onto Si-oxide surfaces or other substrates at relatively loWuch faster than the rms roughness amplitudsignificant
temperaturesi.e., close to room temperatyré1523varia- smoothening occurs, leading to lower roughness contribution

tion of deposition parametetdeposition rate, substrate tem- S|nce23~w2/_§4.13 o .
perature, film thicknegscan alter the solid thin film(sub- In conclusion, we explored quantitatively the mﬂuence of
strate roughness parametef&!S which in turn can be used the roughness parametews ¢, andH that characterize ran-
as an alternative way to control tripple point wetting phe-dom self-affine substrate roughness on the solid layer thick-
nomena. ness\¢ of adsorbed van der Waals films. It shown that a
Therefore, one might consider to modulate substratgignificant film thickness (in the nanometer rangean be
roughness by depositing a metal film with various thicknessachieved for substrate roughness parametg¢s<0.01 and
which effectively yields different roughness parameterg, H>0.5. Indeed, nanometer thickne$s10 nm van der
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FIG. 4. Solid layer thickness as a function of the ratiov/ & FIG. 6. Solid layer thickness (for P=P,) as a function of the
for R=4.5,H=0.9, E=100 Pa and various values of the pressuresubstrate film thicknesd for R=4.5, roughness exponeHt=0.8,
ratio P/P,,. andE=100 Pa.
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Waals film are necessary in diverse research areas, whiaketermine the thickness evolution of the roughness param-
include neutrino rest mass determinatfériaser fusior?>  etersw and &

slow muon surface investigatioR%, and optical

spectroscop§’ Finally, the solid layer thickness is shown to ~ We would like to acknowledge support from the “Neder-
be sensitive to substrate roughness growth details, which atendse Organisatie voor Wetenschappelijk Onderzoek
described in many cases in terms of scaling exponents thaNWO).”
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