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Phase diagram for morphological transitions of wetting films on chemically structured substrates

C. Bauer and S. Dietrich
Fachbereich Physik, Bergische UniversitWuppertal, D-42097 Wuppertal, Germany
(Received 19 August 1999

Using an interface displacement model we calculate the shapes of thin liquidlike films adsorbed on flat
substrates containing a chemical stripe. We determine the entire phase diagram of morphological phase tran-
sitions in these films as function of temperature, undersaturation, and stripe width.

PACS numbgs): 68.45.Gd, 68.16-m, 82.65.Dp

[. INTRODUCTION capable of imaging the liquidlike structures under consider-
ation down to the nm scale. Moreover, due to their relatively
At present various experimental techniques allow one temall spatial extensions the structures discussed here are well
provide substrates with well-defined, microscopically smallaccessible by Monte Carlo simulations as another means for
geometrical or chemical structures or combinations thereotesting the theoretical predictions. For these envisaged stud-
(see, e.g., Ref.l]). These structured substrates can serve a&s the knowledge of the full topology of the phase diagram
devices to guide and process tiny amounts of liquids. Suchs a function off, Au, anda is very important.

“microfluidics” systems[2] are promising for future appli-

cations, e.g., in chemistry and biolod$,4]. Although the Il. THEORETICAL MODEL

performance of these systems ultimately depends on their ) ) ) )

dynamic properties, a thorough understanding of the corre- We use the following simple interface displacement

sponding structural properties in thermal equilibrium is anmodel within which the equilibrium interface profilyx)

important prerequisit¢5]. In this spirit as a paradigmatic minimizes the functional:

case we determine the equilibrium structures of liquidlike 4100\ 2

wetting films forming at the interface between a bulk vapor X

phase and a flat solid substrate containing a single chemical ! (X)]= fAdx dyA(x,I(x))+a|ngdx dy( dx ) ’

stripe(Fig. 1). Our aim is to explore the entire phase diagram (1)

for the emerging lateral fluid structures as function of tem-

perature, undersaturation or pressure, and stripe width. ~ whereA=L,L, is the area of the flat substrate surface lo-
In Ref. [6] it has been shown that a thin liquidlike film cated az=0. The first part takes into account the effective

adsorbed on such a substrgkég. 1) can undergo an inter- interaction between the liquid-vapor interface and the sub-

esting morphological phase transitidfigs. 2 and Bof the  strate via the laterally varying effective interface potential

shapel (x) of the liquid-vapor interface, depending on the A (x,1)=AQ.l+ w(x,1). The second part in Eq1) is the

structures of the effective interface potentidls () charac- leading-order term of a gradient expansion of the surface free

terizing the correspondingpomogeneoussubstrates “+” energy associated with the deviation of the liquid-vapor in-
and “—" (see, e.g., Fig. ¥ In accordance with Ref6] we

study a substrate designed such that the effective interface z

potential A, (1) of the stripe part exhibits two competing

local minima (“1” near and “llI” further away from the

substrate surfagevhereas the asymptotic film thickneks

far from the stripe is given by the single global minimum _
(“II” ) of the interface potential\ (1) of the embedding
substratgsee Fig. 4 In Ref.[6] the phase diagram for this
morphological phase transition has been determined, at con-
stant temperatur€, as a function of the stripe widthand of Ej@ﬂﬁ@;g

the undersaturatiom = ug—u=0 where uq(T) is the a
chemical potential at liquid-vapor coexistence. The purpose

of the present study is to determine how this phase dlagrarm(e film covering a planar substrate which contains a slab of dif-

f?r the mlorphologlcfal phaseftransmon W'th'nh_ﬂmgd"_‘_ ferent material. In the top view the substrate forms a stripe com-
plane evolves as a function of temperature. This a Itlor]%osed of “+” particles extending fromx= —a/2 to x=a/2. The

information is important in order to be able to put the mor- substrate is translationally invariant in thedirection, with its sur-

FIG. 1. Schematic cross section of the morphology of a liquid-

phological phase transitions into the contextTof\ u wet-  face located az=0. |_=I(|x|—) is the equilibrium film thick-
ting phase diagrams, including the prewetting line, on homopess corresponding to a homogeneous substrate composee’of
geneous substrat¢g]. particles. The stripégembedding part exerts an effective interface

We emphasize that experimental techniques such as rgotentialA , (A _) on the liquid-vapor interface at the vertical dis-
flection interference contrast microscofRICM) [8] and  tancez=I(x). In the case shown here the substrate prefers a
atomic force microscopyAFM) in tapping mode[9] are  thicker wetting film than thet+ substrate.
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FIG. 2. T-Au phase diagram for the morphological transitions of a liquidlike layer on a chemical &tdpgare Fig. L T* =kgT/e and
u*=ule. Ap=0 is the bulk liquid-vapor coexistence line. For the present model the bulk critical temperaffre 5412; the estimated
triple point temperature ¥} ~0.8. Thehomogeneousubstrate composed of+” particles, i.e., corresponding to the stripe, supports a
first-order wetting transition at coexistence denoted by “W J. The corresponding prewetting line “P(thick dashed lingis attached
tangentially and ends at a prewetting critical point “CIj. The effective interface potentials.. and, as examples, the equilibrium
interface profiles at the thermodynamic sta@slenoted as “a,” “b,” “c,” and “d” are shown in Figs. 4-7 fora/c~27.5,6.4,26, and
a/o=50, respectively. For “a,” “b,” and “c” these values for the widtla are those for which in these thermodynamic states the
morphological phase transition takes place. The coexistence Aipg€T;a) (full lines) of the bound and the repelled solutions for fixed
stripe widtha are accompanied by the appertaining vade. For — A > — A u, the repelled solution and for A u<— A u, the bound
solution is the stable one. The lines of coexistence intersect theAaxisO at the pointsTy(a) marked asA. A, (T;a) joins the bulk
liquid-vapor coexistence curve tangentially withu,(T— To(a);a)~ (T—To(a))?; the numerical data indicate thatis larger than the
corresponding exponeidt= 3/2 for the prewetting line. Due to this tangential behavior the intersecligfe) occur at lower temperatures
than expected visually on the present scale. Therefore we have separately labeled the intefiggetjdngs the corresponding values for
al/o. All lines of coexistence end at a critical point denoted4y The dash-dotted lines accompanying the lineasr5a show the region
within which the fluctuation-induced rounding of the first-order phase transition takes pla@es fiddo this rounding effect is not visible
on the present scale. The inset magnifies the region around the prewetting critical point “C.” The meaning of the lines “i,” “ii,” “iii,” and
“iv” is discussed in the main text.

terface profile from its flat configurationsq is the surface its simplicity—allows one to determine reliably the morphol-
tension.AQb:A,u(p,—pg)+O((A/,L)2) is the difference of ogy of liquidlike films on structured substrates, and we have
the bulk free energy densities of the liquid and the vapoipresented a derivation of this square-gradient functional from
phase with number densitigg andpg, respectively. Alter-  a microscopic density functional theory. We also fousde
natively, in terms of the bulk pressupe AQ,, is given ap-  Fig. 11 in Ref.[10]) that the aforementioned steplike varia-
proximately by the  Gibbs-Thomson  expressiontion of w(x,|) as opposed to its actual smooth lateral varia-
ksTp| IN(Psa/P) Where psy, is the saturated vapor pressure. tion represents a rather reliable approximation. The form of
At liquid-vapor coexistencd (x,1) is given byw(x,I) which ¢ (x,1) follows from considering as the interaction potential
is of the form=;-,a;(x)/I'. Since the substrate is translation- between the fluid particles a Lennard-Jones potential with a
ally invariant in they direction the effective interface poten- depth — e and an effective particle diameter. Moreover,

tial depends only orx, so thatl(x) is also translationally —also the interaction between the fluid and the substrate par-
invariant in they direction. For reasons of simplicity we ticles is modeled by a Lennard-Jones potential. The interac-

assume that the lateral variation @f(x,l) is steplike:
o(X,)=0(x|-al2)w_(1)+06(al2—|x|)w,(I) with the
effective interface potentiab, (w_) of ahomogeneousub-
strate composed of +” (*“ —") patrticles. In Refs[10] and
[11] we have shown that the functional in Ed)—despite

tion potentialvi(z)=2i23uf/zi between a homogeneous,

flat “ +" or “ —" substrate and a fluid particle at a distance
z follows from pairwise summation over all substrate-fluid
particle interactions. As extensively discussed in Refs.
[7,10,11, density functional theory provides a procedure to
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FIG. 3. The thermodynamic states at which the morphological 61
phase transitions take place are located on the surface “S.” The A
lines of coexistence shown as full lines in Fig. 2 are slices through = 4
this surface “S” at constant values ofal/“S” is a surface of
first-order transitions and separates the region where the repelled 21

solution is stablglabove “S”) from the region where the bound t t t
-100 0 100

solution is stabldbelow “S”). It is bounded by the prewetting line

(dashed line “P’) which lies in the plane &=0, by the liney x/o

(dotted ling of critical points of the morphological phase transi-

tions, and by the linex which lies in the planel n=0 indicating FIG. 4. (a) Effective interface potential , of the stripe part

the loci (Ty(a),1/a) of the morphological phase transitions at bulk (dotted line and A _ of the embedding substratdashed ling for
liquid-vapor coexistence. “W” and “C” indicate the first-order e thermodynamic state denoted as “a” in Figs. 2 andT3 (
wetting transition on a homogeneous-" substrate (¢ ) and the =1.1,Ax*=0.005). I, II, and Ill indicate the local minima of .. .
prewetting critical point (J), respectively; both lie in the plane The global minimum ofA . corresponds to the equilibrium film
1/a=0. Indicated by the thin line in the front, “S™ extends out to tpickness on a homogeneous+ " substrate.A . (I— ) increases
larger values of H where, however, it is increasingly smeared out |ingarly with the slope fi—pg)Au. (b) Equilibrium liquid-vapor
by the fluctuation-induced rounding of the morphological phaseinterface profiles for the same thermodynamic state &s)iand for
transition (compare Fig. 2 Due 1o Tye(Au) = Ti(Ap;a—*)  the stripe widtha~27.50 for which at this value off andA u the
~a !, interms of 14 “S” is approximately a ruled surface: one of - morphological phase transition takes plasee Fig. 3 Therefore
the two principal curvatures is very small, vanishing exactly in thethe value of the functiondl s is the same for both interface profiles

limit 1/a— 0. The thermodynamic states denoted by “a,” “b,” and shown here. The dottegiashedi lines indicate the positions of the
“c” (@, compare Fig. Plie on the surface “S” whereas the ther- gyirema ofA, (A_).

modynamic state “d” is located above “S.”

calculate the dependence of the effective interface potentiaf sétabilities along they direction as observed in, e.g., Ref.
AL(1)=AQyl+w.(I) on temperaturel and undersatura- 12]. . . : .
Using a numerical relaxation technigl&3] we solve the

tion Au from the coefficients:, o, andu;” of the interaction it bound I bl for the Euler-L
potentials and the temperature and undersaturation depe@'\ézg%g oundary value problem for the Euler-Lagrange

dence of the bulk densities; and py. Here we useuy
=3.71C03%  u; =5.5660*,  ug=0.876G0°  u;

2
=1.892%0°, u, =11.35%0*, andug =0.252%0°. For this Tl a7 :AQb+M with [(x— +o0)=]_,
choice of parameters the temperature dependence, ¢f) dx? dl I=1()

for the stripe part is such that a homogeneous™substrate 2

exhibits a first-order wetting transition aty,=kgT,/€ . . _ o .
~1.102 and prewetting transitions along the prewetting linavhich follows from Eq.(l) by fur_w_tlonal differentiation with
Appre(T), T>T,,, andAp>0, that extends into the vapor respect td(x). quatlon(Z) exhibits the structure of a one-
phase region of the phase diagréirick dashed line denoted dimensional classical mechanical equation of motion in a
as “P” in Fig. 2). The temperature dependenceuof(l) for time-dependent external potenual._ With the stripe width
the embedding substrate is such that the asymptotic filrind the temperature fixed, for a wide range of undersatu-
thicknessl _ grows with increasingr and shrinks with in-  fations there are two solutions of E@) which correspond to
creasingA w. As it turns out, however, the exact temperaturelocal minima of the functionaf) ;. One of the solutions is
dependence and the magnitudel of are not important for closely bound to the stripe whereas the c_)ther solutlon. is fur—
the qualitative features of the phase diagram for the morphdher away or even repelled from the stripe as described in
logical transitions. Ref. [6]. Flgures 4-7 show pertinent examp_les for the effec-
The systems under consideration here differ from thosdive potentialsA .. of the two substrate materials and the two
studied in Ref[12] in two important aspects. First, here the @Ppertaining solutions of Ed2) at three different points of
liquidlike films are so thin that they are completely under theth® phase diagram: Figs. 4, 5, 6, and 7 correspond to the
influence of the substrate potential which determiriegr ~ Points (T,Ax) indicated by “a,” “b,” “c,” and “d,"” re-
alia, the effective interface potential. Second, we consider Pectively, in the phase diagram shown in Figs. 2 and 3. The
grand canonical ensemble without a volume constraint foequilibrium solutionl (x) for the profile corresponds to the
the liquid phase so that the liquidlike films are not subject toglobal minimum ofQ) 5, and the other solution is metastable.
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FIG. 5. (@) Same as in Fig. @), but for T*=1.1 andAu*
0.025, i.e., fo_r_tht_e the_rmodynamlc _state denot_ed as “b” in Figs. 2 FIG. 7. () Same as in Fig. @), but for T =1.15 andA u*
and 3. The equilibrium interface profiles shown(lm correspond to . ; e
. . . =0.005, i.e., for the thermodynamic state denoted as “d” in Figs. 2
a~6.40, for which at the given thermodynamic state the morpho- . ) .
. . ) L and 3.(b) Shown are the interface profiles for this state andafor
logical transition takes pladsee Fig. 3. In contrast to the situation . L -
S S =500 In this case the minimum 1l o , is deeper than the local
shown in Fig. 4 the repelled solution is bent towards the substrate =
. o minimum | because off>T,,.. Therefore for all temperatures
and there is only one local minimufh) of A | . p

within the rangeT (A u)<T<T;;(Au), such as the one chosen
At a certain value\ i, , for which ) 5 has the same value for here, the repelled solutioffull line) is the equilibrium profile(see

both solutions, a phase transition from one interfacial con:'i'r?e' ﬁ)n‘g_??rfzs )thl‘: gﬁgm zc:liﬂzdgjt':;joltif:‘l,'iﬂ?';]n;?taztable'
figuration to the other takes place. This transition is first i LS g- =

order because the derivatives ﬁfs[l_(x)] with respect to

A p are discontinuous.

As already shown in Ref6], in Eqg. (1) the two contri-

whole functional. Depending on the special choicesafor,
and Au the cost in free energy for increasing the liquid-
vapor interface area is overcompensated by the gain in free

butions to{) s compete with each other in minimizing the energy which follows from occupying the deeper minimum
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FIG. 6. (a) Same as in Fig. @), but for T* =1.155 andA u*

(I) of A, near the wall, so that the bound configuration has
the lower free energy. In the opposite case this gain in free
energy is too small to compensate the cost in free energy
from the increased area of the liquid-vapor interface, leading
to a less bound or even repelled interface profile.

Ill. DISCUSSION OF THE PHASE DIAGRAM

In Fig. 2 the linesA u(T;a) = uo(T) — u:(T;a) of phase
coexistence between the bound and the repelled configura-
tion for different stripe widthsa are presented. These lines
are vertical cross sections of the full phase diagram shown in
Fig. 3. For a given stripe width the bound(repelled solu-
tion is stable for —Au<—-Au(T;a) (—Ap>
—Au(T;a)), i.e., below(above the corresponding line of
phase coexistence. The triangles indicate the intersections
To(a) between the coexistence linA;(T;a) and the bulk
liquid-vapor coexistence linA x=0. At Ty(a) the morpho-
logical phase transition occurs at liquid-vapor coexistence,
forming the line denoted asg in Fig. 3. Upon increasing the
stripe widtha the lines of coexistence are shifted towards the

~0.0232, i.e., for the thermodynamic state denoted as “c” in Figs_prewetting line “P" without touching or crossing it for any

2 and 3 which is located on the line “ii.”
profiles shown inb) correspond ta~ 260, for which at the given
thermodynamic state the morphological transition takes plaee
Fig. 3. The positions of the minima Il oA , and Ill of A _ coin-
cide so that the repelled interface shown(im is flat: I, ,(x)=I_
wherel _ is the position of both minima Il and Il1.

The equilibrium interface finite value ofa. (This means that for larga the lines of

coexistence do not end and reappear at the prewetting line
such as, e.g., the prefilling transition lines in a wedge-shaped
groove for large opening angles of the wedl@é].) For con-
stant undersaturatiolu we find Tpe(Au)—T(Au;a
—x)~a ! for the difference between the transition tem-
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peraturesT (A w;a) for the morphological and the prewet- solutions of EqQ.(2) is completely flat: due tadA . /dI(l
ting transition. In the limita—oc the morphological phase =1_)=0 Eg.(2) leads to the trivial solutiom(x)=I_ with
transition tallies with the prewetting transition on the homo-d?l(x)/dx?=0. An example for this case is shown in Fig. 6
geneous “+" substrate. which corresponds to the thermodynamic state denoted as
On the mean-field level considered hitherto each coexist“c” in Fig. 2. The line “ii” separates the region where the
ence curved u,(T;a) is a line of first-order transitions end- repelled solution is bent towards the stripe-Apu
ing in a critical point(T.(a),A uc(a)) (denoted as full dia- < —Aw;;(T)) from that where it is bent away from the stripe
monds in Fig. 2 and forming the line denotedjam Fig. 3 (—Au>—Au;;(T)). We note that the fact that one of the
such that afT>T.(a) or —Au<—Au.(a), for the given solutions is completely flat is an artifact of our simplifying
stripe width a there is no morphological transition but a model assumption thas(x,|) varies steplike as a function of
smooth variation from the bound to the repelled solution. Asx. In a more realistic model with a smooth lateral variation of
demonstrated by Fig. 2 and its inset the positions of thehe effective interface potentiéhs used in Ref.6]) the cor-
critical points exhibit a nontrivial and nonmonotonous de-responding solution would be almost flat with a small curva-
pendence on the stripe widty there is no simple criterion ture. In the system considered here the asymptotic film thick-
for the effective interface potential . which allows one to nessl_, i.e., the position of minimum I, is always larger
predict the corresponding line of critical poir(see the line than the position of minimum I. However, for low tempera-
v in Fig. 3 as a function ofa. As already pointed out in tures there is a line at which the minimum Il Af_ and the
detail in Ref.[6], interface fluctuations along thedirection ~ maximumof A, coincide. This occurs along the thin long-
in this effectively one-dimensional stripe configuration actu-dashed lineA u;,(T) denoted as “iv” in Fig. 2. This line is
ally smear out the sharp first-order morphological phase trarthe continuation of line “ii” for lower temperature$ start-
sitions and thus eliminate the critical poifftk5]. In Fig. 2  ing at the point where the line “ii” meets the line “i” tan-
for a=5¢ the width of this fluctuation-induced smooth tran- gentially. Along this line, too, the repelled solution of Eg)
sition region is indicated by the thin dash-dotted lines. Foris constant, i.e.l(x)=I_. As the line “ii,” also line “iv"
a= 100 these fluctuation effects are already negligibly small,separates two regions with different curvature behavior of
apart from the close vicinity of the critical points which are the repelled solution.
still eliminated for any finitea. However, in the limita For temperature3>T, i.e., on the right side of the
— the coexistence lines u(T;a) merge with the prewet- prewetting line P, the minimum 11l oA , is deeper than the
ting line “P” (see Fig. 3 associated with the homogeneous minimum 1. The difference between the asymptotic film
“ +" substrate, which does have a genuine critical pointthicknesd _ corresponding to the minimum Il and the deeper
“C” beyond mean-field theory. minimum [l is also smaller than that betweén and the
The three thermodynamic states denoted as “a,” “b,” local minimum | near the wall. Therefore both contributions
and “c” in Figs. 2 and 3 lead to the interface configurationsto Qg are larger in the case that the interface follows mini-
shown in Figs. 4, 5, and 6, respectively. The correspondingnum | as compared to the case that it follows minimum III
effective interface potentials .. (1) differ with respect to the  so that forT>T the bound solution is always metastable.
number and the relative positions of their local minima. ForThis situation is shown in Fig. 7 which corresponds to the
temperature§ <T . and small undersaturatiodsu, A , (1) thermodynamic state denoted as “d” in Fig. 2. TF
exhibits two local minima(l and IIl); an example for this =T;;(Au) A exhibits only one local minimunglil) and
case is shown in Fig. 4 appertaining to the thermodynamitherefore there is only one solution of E@), namely, the
state denoted as “a” in Fig. 2. This case is analogous to thatepelled one.
described in Ref.6]. At the thin dotted lineA x;(T) denoted
as “i” in Fig. 2 the minimum Il of A, far from the wall
and the maximum ofA , merge, forming a saddle point; [V. CONCLUSION
Auni(T) ends at the prewetting critical point “C.” For
—Au<—Aw;(T) there is only one local minimunil) of
A . An example for this latter situation is shown in Fig. 5
corresponding to the thermodynamic state denoted as “b” i
Fig. 2. Surprisingly the coexistence linasu(T;a) for the
morphological phase transition extend below this line “i.”

This shows that the presence of an energy barrier and Oft e dependence of the morphological phase transitions on the

second local minimum od... is not a necessary condition for thermodynamic variables temperature and undersaturation
the occurrence of the morphological phase transition de- y P

scribed here and in Ref6]. The thin dotted linea . (T) (or, equwalently, pressureas WE_:I_I as on the stripe vv_|dth.
Ciy s ; : .. The morphological phase transitions have been put into the
denoted as “iii” is the line at which, analogously, the mini-

mum | near the wall and the maximum af. merde. form- context of the prewetting transitions occurring on a homoge-
X . . ey ¥ g¢, neous substrate formed by particles of the stripe material.
ing a saddle point. Both lines “i” and “iii” meet and end at

the critical point “C” of the prewetting transition of a ho-
mogeneoust substrate where both minima | and Ill and the
maximum of A , merge, leaving a single minimum.

At the thin short-dashed lina w;; (T) denoted as “ii” in We gratefully acknowledge financial support by the Ger-
Fig. 2 the positions of the second minimum Il 4f, and of  man Science Foundation within the Special Research Initia-
the minimum Il of A _ coincide. Along this line one of the tive “Wetting and Structure Formation at Interfaces.”

Within an interface displacement model based on a mi-
croscopic density functional theory we have calculated the
entire phase diagraitfrigs. 2 and 3 of morphological phase
r]transitions of wetting films on a substrate with a chemical
stripe (Fig. 1). This phase diagram and the corresponding

quilibrium interface profiles shown in Figs. 4—7 elucidate
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