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Triple-Point Wetting on Rough Substrates
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The influence of substrate roughness on the wetting scenario of adsorbed van der Waals films is
investigated by theory and experiment. Calculating the bending free energy penalty of a solid sheet
picking up the substrate roughness, we show that a finite roughness always leads to triple-point wetting
reducing the widths of the adsorbed solid films considerably as compared to that of smooth substrates.
Testing the theory against our experimental data for molecular hydrogen adsorbed on gold, we find
quantitative agreement.
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Wetting of a solid substrate, exposed to a gas in thermo-
dynamic equilibrium, is an ubiquitous phenomenon, with
both fundamental aspects [1,2] and important applications
[3–5]. Microscopically, substrate wetting by a liquid film
is caused by a strong substrate-particle attraction mediated
by van der Waals forces. At present, an almost complete
microscopic understanding of wetting on flat solid sub-
strates is available [1,2,6] predicting the thickness of the
liquid film as a function of the substrate-particle and in-
terparticle interactions for given thermodynamic parame-
ters such as temperature and pressure. The following
basic theoretical predictions were confirmed by experi-
ments using, e.g., noble gases [1] on different substrates:
(i) For fixed thermodynamic conditions, the thickness of
the wetting layer grows for increasing substrate-particle
attraction. (ii) Complete wetting (i.e., a diverging thick-
ness of the liquid layer) occurs if the substrate-particle at-
traction is stronger than the interparticle interaction and
the thermodynamic conditions approach liquid-gas coexis-
tence. The latter condition can be achieved only if the sys-
tem temperature T is above the triple temperature T3. For
T , T3, on the other hand, a solid film shows up near the
sublimation line. Various experiments have shown [7–10]
that the width of the solid layer always remains finite when
approaching gas-solid coexistence. It is only near the triple
point that a liquid layer on top of the solid sheet is formed,
with a diverging width as the triple point is approached.
This universal behavior is called “triple-point wetting.”

One major difference between a liquid and solid wet-
ting layer is that a solid cannot relax the elastic compres-
sion caused by the substrate attraction as embodied in the
(reduced) wall-particle Hamaker constant R. This fact is
the basic ingredient in the traditional Gittes-Schick the-
ory [11] of solid adsorption on flat substrates. It predicts
that, for a particular value R � R0 of the substrate attrac-
tion, complete wetting is possible, while for R . R0, in
contrast to liquid wetting, the thickness of the solid film
�s decreases with increasing R. In this Letter we show
that the key parameter governing adsorption of solid films
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is the substrate roughness rather than the elastic defor-
mation caused by the substrate attraction. As a result of
our theoretical analysis, a finite substrate roughness leads
inevitably to triple-point wetting and yields, for realistic
parameters, a thickness �s growing with R in quantitative
agreement with our experimental data. As compared to
Gittes-Schick theory, which neglects substrate roughness,
the film thickness �s is considerably reduced even for small
roughness. Hence triple-point wetting originates from and
is controlled by substrate roughness.

We first describe the theoretical treatment of this prob-
lem, and further present, in what follows, a comparison
with experiments on a system for which triple-point
wetting has been studied rather extensively, namely
molecular hydrogen adsorbed on a gold substrate. We
calculate, for fixed temperature T and pressure P, the
excess grand canonical free energy S��s, ��� per unit
area relative to a nonwetting situation. This is done
for a compound adsorption layer involving a solid sheet
of width �s on top of the rough substrate and a liquid
sheet of width �� on top of the solid. S involves three
different terms, S � S1 1 S2 1 S3, resulting from
thermodynamics, from the lateral elastic strain in the solid
and from the elastic free energy cost of a distorted solid
picking up the substrate roughness. While the first and
second terms are familiar from previous considerations
for smooth walls, the third term is essential for nonideal
substrates. In detail, the thermodynamic part is [1,12]

S1��s, ��� � gws 1 gs� 1 g�g 2 gwg

1 rs�P0 2 P��s�rg 1 r��P0
0 2 P����rg

1 A1��2
s 1 A2��2

� 1 A3���s 1 ���2, (1)

where gij are the extrapolated interfacial tensions be-
tween wall �w�, solid �s�, liquid ���, and gas �g�, and
P0�P0

0� is the coexistence pressure between gas and solid
(liquid). The number densities at solid-gas coexistence
are rs and rg, while r� is the liquid number density
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at liquid-gas coexistence. We assume rg ø r� , rs.
In case the coexistence is metastable, these quantities
are extrapolated from their thermodynamically stable re-
gions. Furthermore, A1 � �rs 2 r�� �C 2 rsH�, A2 �
�rs 2 r��r�H, and A3 � r��C 2 rsH� where C and
H are Hamaker constants of the van der Waals tails
of the particle-substrate and particle-particle interac-
tion potentials decaying as 22C�z3 and 212H�pr6 for
large separations z or r [1]. Equation (1) is valid for
thermodynamic conditions close to the triple point and
for thicknesses �s, �� larger than microscopic distances.
When setting �� � 0 a priori, the theory can also be used
away from the triple point provided the pressure is close
to the sublimation pressure.

Second, there is a free energy penalty S2 due to solid
strain caused by the substrate attraction [7] which reads for
large �s as [11]

S2��s� � 2BS2��s 2 2BS3��2
s , (2)

where B �
3E

2�11n� , E is Young’s modulus of the adsorbed
solid, and n is its Poisson ratio. Finally S � 0.0229�R 2

R0�s is the total reduced stress, with s denoting a molecu-
lar length scale. Furthermore, R � C�Hrs is the ratio
between adsorbate-substrate and adsorbate-adsorbate in-
teraction. The total stress is zero for R � R0 � 1.88.
Hence complete wetting is possible only for this particu-
lar ratio R. Combining S2 with S1, the traditional Gittes-
Schick theory of triple-point wetting is obtained.

While these contributions are essential for smooth sub-
strates, a surface roughness induces an additional bending
of the adjacent crystalline sheet [13]. For typical nonideal
substrates, the surface modulation varies on a characteristic
lateral length scale b which is much larger than its vertical
(valley to peak) height h, i.e., b ¿ h. We further assume
b ¿ �s [14]. In more detail, we characterize the surface
roughness by a height variable z �x, y� where the substrate
lies in the xy plane. Then a weakly bent crystalline layer
of width �s costs the following elastic free energy per area
A [15]:

S3��s� �
EG

24�1 2 n2�
�3

s (3)

with G measuring the strength of roughness

G �
1
A
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(4)

By scaling arguments one obtains G ~ h2�b4.
The equilibrium solid and liquid thicknesses are ob-

tained by minimizing S��s, ��� with respect to �s and ��

resulting in a total thickness � � �s 1 ��. Clearly, the
bending free energy will prevent complete wetting by a
solid sheet and thus enforce triple-point wetting even when
the total reduced strain S vanishes. As a result, the finite
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thickness of �s at solid-gas coexistence far away from the
triple point scales as �s ~ �C 2 rsH�1�5b4�5h22�5 pro-
vided the total reduced stress is small, S ø r2

s C2�E2G
3�2.

Our experimental data were obtained by surface plas-
mon (SP) spectroscopy as described earlier [10]. The Au
films which served as a substrate in these measurements
had a thickness of 450 Å (this thickness provides an opti-
mum in the SP resonance signal) and were usually prepared
by thermal evaporation on a glass prism. After evaporation
the prism was mounted in a sample cell in an optical 4He
flow cryostat. The temperature could be varied between 6
and 90 K with a resolution and stability of a few mK. Us-
ing the SP spectroscopy method gave a resolution of the
total thickness � of the adsorbed films of about 0.1 mono-
layer. Our data were taken along two different routes: on
one hand, adsorption isotherms were obtained by admit-
ting the hydrogen gas in small steps, while keeping the
temperature constant, until the corresponding saturated va-
por pressure was reached. On the other hand, temperature
scans at (nearly) saturated vapor pressure were taken by
admitting sufficient hydrogen gas above T3 so that bulk
liquid formed at the bottom of the sample cell. Then the
temperature was slowly swept substantially below T3 and
back again. Before taking each data point, enough time
was given to ensure equilibrium conditions. The equili-
bration times were found to differ considerably depending
on the thickness of the adsorbed film and the temperature
range.

In order to compare our theory to the experimental
data, we adopt a Lennard-Jones picture of the hydrogen
particles and the gold-hydrogen interaction resulting in
[16] H � 2.44 eV Å6, C � 0.39 eV Å3 with a molecular
Lennard-Jones diameter s � 3.04 Å, leading to R � 4.5.
The temperature-dependent thermodynamic input parame-
ters such as coexistence pressures and number densities are
known from the bulk phase diagram of a Lennard-Jones
system [17] and data for the temperature-dependent bulk
elastic constants for a Lennard-Jones fcc crystal are also
available [18]. The roughness of the substrate is directly
measured by atomic force microscopy (AFM); an example
is shown in Fig. 1a exhibiting typical values of h � 50 Å
and b � 500 Å. The roughness G is calculated from these
data resulting in G � 5.4 3 1024�s2.

FIG. 1. Surface profile of the rough substrate as measured by
AFM: (a) evaporated gold film; (b) gold film detached from a
silicon wafer.
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Results for the total width � of the adsorbed hydro-
gen film versus reduced pressure are shown in Fig. 2 for
temperatures both above and below T3 � 13.96 K. The
experimental data (crosses) are in quantitative agreement
with the theoretical prediction (solid line) over a broad
pressure range except for pressures far away from the sub-
limation pressure where the theory is not expected to hold.
We note that there is no fit parameter involved.

Incomplete wetting occurs for T , T3 (Fig. 2a) where
the thickness � reaches only a value of 18 Å at P0. By con-
trast, for T . T3 (Fig. 2b), the film thickness rises steeply
as the saturated vapor pressure P0 is approached. As can
be seen from the theoretical results, this is attributed to the
liquid part of the film. In the measurements we cannot
distinguish between the solid and the liquid parts of the
adsorbed film since the SP technique is sensitive only to
total coverage. Furthermore, the measured thickness actu-
ally does not strictly diverge at P0. Because of experimen-
tal limitations we always stay slightly below the chemical
potential at liquid-gas coexistence.

At solid-liquid coexistence above T3, the total film has a
very large thickness indicative of complete wetting. Along
the solid-gas coexistence line below T3, on the other hand,
the film thickness stays finite, its temperature dependence
is shown in Fig. 3. Well below T3, most of the film is solid
with a thickness of only 10 Å, corresponding to about 3
monolayers. The increase in thickness upon approaching
T3 from below, as is obvious in Fig. 3, is not due to growth
of the thickness of the solid layer, but of the liquid above
it. This is a general feature of triple-point wetting and has
been verified experimentally for the system Ar on MgO
by Rieutord et al. [19]. There is good agreement between
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FIG. 2. Thickness � of adsorbed hydrogen films on Au sub-
strates as a function of the reduced pressure P�P0 for two tem-
peratures (a) T � 12.97 K (below T3) and (b) T � 14.28 K
(above T3). The crosses denote experimental data. The thick
lines show theoretical results for the total thickness, and the
crystalline part of the adsorbed layer is given by the thin lines.
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theory and experiment except for temperatures of around
T�T3 � 0.93 where a significant part of the adsorbed layer
is liquid. This discrepancy is due to the uncertainty in the
extrapolation of the liquid-gas coexistence below T3 which
is required in our theoretical analysis.

We now analyze the hydrogen film thickness as a func-
tion of the substrate strength C and compare it to the
Gittes-Schick (GS) theory. In Fig. 4, the thickness �
is shown versus the ratio R of adsorbate-substrate and
adsorbate-adsorbate interaction for T�T3 � 0.6. The GS
theory yields the solid line diverging at R � 1.88. A con-
siderable film thickness of around 100 Å (essentially com-
plete wetting) is achieved for H2 on gold where R � 4.5.
However, a finite surface roughness G reduces the width
considerably, as shown for various degrees of roughness
by the dotted and dashed lines in Fig. 4. The reduction
in � is more pronounced the larger the amplitude of the
roughness is. In the following we focus on typical values
for R ranging between 2 and 8 and a typical experimental
roughness of G � 1024�s2 (dotted line). In this case the
reduction of � due to surface roughness can be over many
orders of magnitude. This demonstrates that surface rough-
ness rather than lateral strain controls incomplete wetting.
As a further qualitative difference, the GS theory yields a
thickness which increases with decreasing R while a typi-
cal surface roughness leads to a slightly decreasing (though
nearly constant) thickness.

We have carried out two sets of additional experiments
to test this new interpretation of the origin of triple-point
wetting: (i) In order to shift the effective substrate strength
to smaller values into the range R , 4.5 we have stud-
ied the adsorption of H2 films on gold surfaces preplated
with other noble gases like neon or argon. No substan-
tial increase in the equilibrium H2 film thickness was ob-
served, in contrast to the GS curve in Fig. 4, but in line
with the theoretical curve for the substrate roughness stud-
ies here. (ii) Another experimental test of the interpretation
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FIG. 3. Thickness � of the adsorbed hydrogen film versus tem-
perature along the gas-solid coexistence line. The meaning of
the symbols and lines is as described in Fig. 2.
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FIG. 4. Thickness � of the adsorbed hydrogen layer at
solid-gas coexistence for T�T3 � 0.6 as a function of the
reduced substrate strength R. Solid line: Gittes-Schick theory.
The dotted and dashed lines are for different nonvanishing
surface roughnesses, G � 1022�s2, G � 1024�s2, and
G � 1028�s2 (bottom to top).

described above is to vary the roughness of the substrate.
We have applied a method which allows us to reduce the
roughness. It relies on the evaporation of a gold film on a
commercial silicon wafer which serves as a quite flat tem-
plate [20]. The glass prism used as support for the gold
film in the SP resonance measurement is glued onto this
film, and after removing the silicon wafer the surface of the
gold film has essentially the roughness of the wafer. An
example of such a profile, determined by AFM, is given in
Fig. 1b. The calculation of G yields G � 2.2 3 1024�s2.
Theoretically, this implies an increase of the adsorbed crys-
talline layer by 15%. In our experiments, we indeed found
an increase of �15 6 5�%.

In conclusion, we have shown by theory and experi-
ment that incomplete wetting of solid films on substrates is
dictated by the surface roughness rather than by the solid
strain caused by the substrate attraction. A finite rough-
ness always enforces triple-point wetting. The theory is in
good quantitative agreement with our experimental data.
As any real substrate is rough, the described scenario plays
a decisive role in any wetting situation where solid layers
are involved such as for coatings of sculpted substrates or
curved nanoparticles [21,22]. Our results imply that ex-
tremely smooth substrates are necessary to generate thick-
nesses of adsorbed van der Waals films larger than 10 nm
which is of direct relevance in such different areas as laser
fusion [23], optical spectroscopy [24], surface investiga-
tions by slow muons [25], and the determination of the
neutrino rest mass [26].
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