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The wetting behavior of homogeneous systems is now well understood at the macroscopic scale. 

However, this understanding offers little predictive power regarding wettability when 

mesoscopic chemical and morphological heterogeneities come to play. The fundamental interest 

in the effect of heterogeneity on wettability is derived from its high technological relevance in 

several industries, including the petroleum industry where wettability is recognized as a key 

determinant of the overall efficiency of the water-flooding based enhanced oil recovery process. 

Here, we demonstrate the use of the atomic force microscopy force curve measurements to 

distinguish the roles of chemistry and morphology in the wetting properties of rock formations; 

thus providing a clear interpretation, and deeper insight on the wetting behavior of heterogeneous 

formations. Density functional theory calculations further prove the versatility of our approach 

by establishing benchmarks on ideal surfaces that differ in chemistry and morphology in a 

predefined manner.  
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Introduction  

Designing and controlling wetting processes at the macroscopic scale has great practical 

consequences due to their relevance for several industrial applications. Wettability studies often 

involve the measurement of contact angles as the primary data – a parameter that indicates the 

degree of wetting when a liquid comes in contact with a solid surface. On an ideal solid surface 

(flat, rigid, chemical homogeneous, nonreactive, and insoluble), the equilibrium contact angle 

describes univocally the minimal Gibbs energy of the solid/drop system. In the case of rough 
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surfaces, however, the Gibbs energy of the system is described by an extra variable f, in addition 

to the apparent contact angle, θ. Despite its intricacy, the extrema conditions of the Gibbs energy 

fully describe the degree of wetting. Wenzel1 and Cassie and Baxter2 established the basis for 

studying equilibrium wetting on rough hydrophobic surfaces many years ago by simplifying the 

effort of thermodynamically modeling the entire system and providing equations that yields an 

apparent contact angle describing the wetting state. When the drop is sufficiently large, in 

comparison to the typical roughness scale, both the Wenzel and Cassie, and Baxter equations are 

applicable3. However, these equations fail in providing an accurate model of the wetting 

behavior where chemical heterogeneity also plays an important role in micro scale wettability. 

The situation is similar from an experimental perspective; while classical static contact angle 

(SCA), dynamic contact angle (DCA) and nuclear magnetic resonance (NMR) have been 

demonstrated to be useful as macroscopic techniques4-6, they all fail at discerning the different 

role played by morphology and chemistry at the micro scale. This is inherently due to the lack of 

spatial resolution, in traditional methods, necessary to discern the role of chemistry and 

morphology. 

Perusing the abundant literature in the field of water-flooding based enhanced oil recovery 

(EOR), dominantly for sandstone-like reservoirs, the reservoir’s wetting properties can be easily 

highlighted as the single most important factor affecting the success of water flooding processes7. 

Thus, it comes as no surprise that the influence of wettability on the efficiency of this process has 

been studied extensively as documented by many observers7-12. Unfortunately, despite the 

recognition of the fundamental role that wettability plays in this process7-9, 11-12, the field still 

lacks a satisfactory understanding of the wettability and its role in oil recovery. The key features 

that have to be considered in deciphering this problem are related to the physical morphology 
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and chemical composition of the core – since both of these factors influence the behavior of a 

particular reservoir and determine the relative permeability and distribution of fluids inside it. 

The present study aims to fill this gap by investigating the wetting properties of well-defined 

macroscopic surfaces, i.e. periodically staggered and flat, by means of a combination of water 

static contact angle (WCA) and a recently developed dynamic atomic force microscopy (AFM) 

technique13-14. We demonstrate how the interpretation of AFM observables provides an 

alternative view of wettability with nanoscale resolution. This allows probing the effect of 

chemistry on wettability and directly decoupling it from roughness above the characteristic size 

of the probe. As a benchmark, we apply our experimental approach to investigate the effect of 

water spreading on a set of surfaces of different materials with and without a predefined pattern 

monster. The observations on the flat surfaces were corroborated by an approach that combines 

density-functional theory (DFT)-based calculations with a silicon tip in a quasi-static movement 

y and allows direct comparison with AFM results.  

 

Results and Discussion 

The submicron pores of reservoir rocks were represented in our controlled laboratory 

investigation by fabricating idealized periodic staggered structures on Si by means of e-beam 

lithography. The process is optimized to consistently create self-similar, repeatable pore 

dimension structures (details are presented in the Materials and Methods section). The structure 

consists of pores of a diameter of approximately 180 nm, arranged in a two-dimensional square 

lattice, with a lattice constant of 510 nm and 270 nm. The porous structure is depicted in Figure 
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1a). The characteristic depth of the pores is around 120 nm as shown in Figure 1b). The 

patterned area extends over 1.4 * 1.4 mm2.  

 

Figure 1. a) A two-dimensional square lattice of pores on a Si substrate is manufactured. The characteristic diameter 

is approximately 180 nm and lattice constant are 510 nm and 270 nm. b) AFM scans of the surface guarantee the 

repeatability of the process employed and indicate a characteristic pore depth of approximately 120 nm.  

 

We modify the chemistry of this predefined pattern of Si substrate by a) coating it with a 30 nm 

SiO2 layer and b) silane-functionalization. The SiO2 layer was deposited by means of atomic 

layer deposition to guarantee a uniform coverage within and inside the pores. Details can be 

found in the Materials and Methods section.  
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Figure 2.  a) Average values for static contact angles of a 1 µl DI water droplet. b) Photograph of the spreading of 

the 1 µl DI water placed on flat and periodically staggered (structure) SiO2, Si and silane functionalized substrates.  

 

For the wettability experiments on structures with different chemistry, a sufficiently small water 

droplet volume, i.e., 1 µl, was chosen so that any spreading is fully contained within the 1.4 × 1.4 

mm2 area of the periodic staggered structure when investigating the patterned structure, see 

Figure 2b). Despite the small size, the drop is sufficiently large compared with the characteristic length 

scales of the periodic structure. In order to minimize evaporation of the 1 µl of de-ionized (DI) 

water and guarantee experimental repeatability, the experiment was carried out at condition close 

to saturated vapor. Figure 2 shows the WCA collected on flat and patterned surfaces of SiO2, Si, 

and silane functionalized substrates. The WCA on the flat surfaces are in line with previously 

reported data15-16, which reads 24.1±3.0º, 76.7±0.9º, and 91.7±1.5º for SiO2, Si, and silane 

functionalized Si substrate respectively. As for the WCA on the periodic staggered structure 

surface, 14.1±1.1º, 85.5±2.3º, and 98.9±0.2º were obtained for SiO2, Si, and silane functionalized 
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Si substrate. All the numbers reported in this work are averages of 30 droplets over 5 different 

samples (6 droplets for each sample) to show the repeatability of the WCA measurements. The 

absolute difference between the WCA of the flat and the patterned structure are examined with 

Wenzel or Cassie-Baxter models. The well-known expression of Wenzel1 and Cassie-Baxter2 

reads: 

cos $% = ' cos $( ⋯Wenzel	model		(1) 

cos $% = '56 cos $( + 6 − 1⋯Cassie − Baxter	model		(2) 

where θa is the measured contact angle, θY is the contact angle on an ideal surface, r is the 

roughness ratio, rw is the roughness ratio of the wetted area and f is the fraction of the wetted 

area. Here we used the values of WCA on the flat surfaces for θY, 1.078 for r, 1.003 for rw, and 

0.868 for f. The latter three numbers were obtained from AFM imaging analysis. Applying the 

Wenzel model for the SiO2 sample and the Cassie-Baxter model to the Si and silane 

functionalized Si substrate, the calculated θa for SiO2, Si, and silane functionalized Si substrate is 

10.2º, 86.1º, and 99.0º, which is very close to the experimentally obtained WCA on the periodic 

staggered structure. All the WCA values are summarized in Table I. In this study, this was 

purposefully engineered in order to point out that the WCA yield information on both 

morphology and chemistry of the sample. 

To decouple the role of chemistry and from morphology, we exploit a method based on the 

interpretation of the Force (F) versus distance (d) profiles obtained by means of a dynamic 

atomic force microscopy (AFM) technique. F-d profiles provide the information of van der Waal 

force field exerted by the sample surface. F-d profiles on flat and periodically staggered 

structures on SiO2, Si, and silane functionalized Si substrates are reported in Figure 3a). Each 
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presented curve is an average of 200 measurements taken at 5 different points on each sample. 

Student’s T-test showed there is no significant difference between flat and structured regions of 

each sample and significant difference across different samples. By simply comparing the shape 

of the profile, the F-d profiles on flat and periodically staggered structures are identical. One can 

explain this outcome by noting that the AFM probe tip radius (~10 nm) is at least one order of 

magnitude smaller than the characteristic length scales of the periodic structure (~200 nm) 

making the probe unaffected by the morphology of the surface. Furthermore, this outcome also 

indicates that by disregarding the morphology factor of the surface, the AFM probe senses the 

same chemistry on the flat and periodic staggered surfaces, a conclusion that cannot be drawn 

with macroscopic measurements due to spatial limitation. 

Next, by using the sphere-plane model, we further establish a relationship between the absolute 

values of the force of adhesion FAD, i.e., the minimum of F(d), and the surface energy γ for the 

flat and periodically staggered structures17-18: 

|BCD| = 4FGH	(3) 

where R is the AFM tip radius. As we carefully kept R constant throughout the experiment, it is 

possible to compare FAD across the samples and we could refer a direct proportionality between 

FAD and γ. As the values of FAD are identical for the flat and periodically staggered structures 

within statistical significance, as reported in Figure 3, we clearly confirm that with the spatial 

resolution ~10 nm, the AFM tip could determine the sole effect of surface chemistry while the 

macroscopic WCA measurements were affected by the surface roughness. 

 SiO2 Si Silane 

Flat 24.1±3.0º 76.7±0.9º 91.7±1.5º 
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Periodic staggered 14.1±1.1º 85.5±2.3º 98.9±0.2º 

Cassie-Baxter - 86.1º 99.0º 

Wenzel 10.2º - - 

Table I. WCA on flat and periodic staggered SiO2, Si, and silane functionalized Si substrates. Water contact angles 

are also calculated from the Cassie-Baxter and Wenzel models. 

 

Figure 3. a) F versus d profiles on flat and periodically staggered structures on SiO2, Si, and silane functionalized 

substrates. b) The absolute value of the force of adhesion FAD for the flat and periodically staggered structures in all 
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the samples is within the standard deviation of the experiment indicating that the AFM tip is unaffected by 

morphology. 

 

 

Figure 4. a-c) Top view of configurations of SiO2, Si, and silane surfaces, respectively. The black point indicates the 

position of the silicon tip. 

 

Figure 5. a) Configurations of silicon tip to SiO2, Si, and silane surfaces, respectively. The Si atoms and H atoms are 

blue and white spheres, respectively. Other atoms shown with golden carbon and red oxygen. b) DFT predicted 

force profiles of silicon tip to SiO2, Si, and, silane surfaces. 
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To compare the experimental force profiles of the SiO2, Si, and silane surfaces, we performed 

plane-wave density functional theory (DFT) to simulate noncontact AFM scanning with a 

pyramid silicon tip (Si10H15). The silicon face centered cubic crystal with (100) plane is used to 

represent the silicon wafer with the orientation of 100. However, the silica and silane surfaces 

are experimentally observed as amorphous and cannot be obtained by directly cleaving the 

crystal structures. Thus, we employ the classical molecular dynamics simulation with reactive 

force field potentials19-20 to generate the initial amorphous surfaces. The amorphous SiO2 is 

generated by annealing the oxygen-terminated quartz (0001) plane. The annealed SiO2 surface is 

negatively charged owing to the top oxygen atoms with only single Si-O bond, which is similar 

to that predicted by the reactive molecular dynamics of silicon oxidization21. The silane 

amorphous structure was generated from trimethoxysilane (CH3O)3SiH rather than the 

hexadecyltrimethoxysilane C19H42O3Si used in our experimental silane coating. The reason for 

this choice is that it is not practical to include the long-chain alkyl part of 

hexadecyltrimethoxysilane for the computationally expensive scanning simulation, and thus we 

use only the trimethoxy part as a basis to create amorphous silane surface by performing reactive 

molecular dynamics simulation at room temperature. The details of the computational 

simulations are included in the Material and Methods section. 

Figure 4(a-c) shows the top-view of the SiO2, Si and silane functionalized surfaces in the 

DFT simulation, respectively. In these views, the black points are the sites that the tip apex is 

pointed at. During the DFT-AFM scanning, the silicon tip approaches the surfaces from top to 

bottom, as shown in Figure 5a), in a quasi-static manner, and an interval of 0.2 Å. For each step, 

only four Si atoms at the tip apex are allowed to be relaxed while fixing the silicon tip base and 

solid surfaces. The DFT predicted force profiles of three different surfaces (SiO2, Si, and silane) 
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are shown in Figure 5b). The force profiles are taken from the gradient of the total energy of the 

tip-surface system, which is given by ( ( ))totF E d= −∇ . Among these three different surfaces, the 

predicted adhesion forces of the SiO2 and silane surfaces are the largest and smallest, 

respectively, which qualitatively agree with the experimental data. However, when it comes to 

the relative magnitude of adhesion forces among the SiO2, Si, and silane surfaces, the theoretical 

prediction does not provide an accurate estimation. This mismatch mainly comes from the 

difficulty of representing a true amorphous surface within the DFT limited simulation domain 

and the impracticality of simulating the full long-chain silane chemistry. 

 

Conclusions 

In this study, we have prepared flat and periodically staggered Si surfaces with either SiO2 

coating or silane functionalization. Macroscopic measurements (WCA) and nanoscopic 

measurements (AFM) were both performed on these different structures (flat and staggered pores) 

and coatings. Our study confirmed that the WCA method is constrained by its intrinsic spatial 

resolution limit and hence unable to decouple the effects of morphology and chemistry when 

characterizing the wettability of surfaces with microscopic roughness. This approach gave ~ 10º 

difference in WCA on the flat and periodically staggered SiO2, Si, and silane functionalized 

surfaces. However, with nanoscopic AFM measurements, it is possible to disregard the surface 

morphology, probing only the chemistry of the rough solid surface. Certainly, these 

measurements can be performed on different kinds of rough surfaces, for example, spiral or non-

periodic structured surfaces, yet we believe that the same conclusion will be drawn. Furthermore, 

our experimental AFM results are confirmed with DFT-based AFM simulation owing to the 

agreement of the surface chemistries on different solid surfaces. In this way our methodology has 

shown a clear indication that with a higher spatial resolution characterizing technique, the 
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morphology-chemistry coupling issue that complicates wettability studies could be overcome 

and can be potentially employed to probe the wettability alteration due to surface chemistry 

functionalization and the adhesion forces of rough surfaces caused by nanoscale patterning.  

 

 

 

Materials and Methods  

Periodic staggered structures on Si 

E-beam lithography (Raith e-LINE) is employed to create periodic staggered structure on a Si 

substrate. The sample periodicity is illustrated by means of a 45°-tilted SEM image in Figure 1. 

The characteristic diameter is approximately 180 nm and lattice constant are 510 nm and 270 nm, 

respectively. The pore depth is ~120 nm as illustrated by the AFM profile. After dicing a new Si 

wafer, it was sonicated with acetone and IPA (each step had a duration of 5 min). Subsequently 

the Si substrate was immersed in DI water to remove any trace of solvent for approximately 1 

min. A 30 min annealing at 200°C precedes HMDS spin coating (0 rpm for 20 s (static) and then 

3000 rpm for 60 s (dynamic)). PMMA A2 (950K) was used as an e-beam positive resist. After 

spin coating (3000 rpm for 60 s) and prebaking (softbaking) at 180 °C for 90 s, the resist 

thickness was measured as 72 nm using a Filmetrics F40-UV reflectometer. The pattern was 

imprinted on a 1.4 × 1.4 mm2 area. The feature characteristic depths and lattice constant are 

reported in Figure 1. In order to obtain the necessary resolution for our ~180 nm diameter 

features, as well as to reduce the time of the large area patterning an acceleration voltage (EHT) of 25 

kV and an aperture size of 20 µm were chosen. The dose and element step size for patterning 

were optimized to 140 µC/cm2 and 10 nm, respectively. After around 2 h patterning, the resist 
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was developed using MIBK/IPA (1:3) for 30 s, and subsequently rinsed by IPA and DI water for 

35 s and 30 s, respectively. Subsequently, the structure was etched by SAMCO RIE-200iP 

Fluorine using SF6 (10 sccm) and CF4 (100 sccm) at 1Pa. The optimized etching time was 55 s, 

whereas the RF powers for BIAS and ICP were chosen 15 W and 100 W, respectively. A flow of 

O2 50 sccm for 2 min was used to remove the hard mask. Lastly, HF-etching (49% for 2 min) 

was used to remove any trace of native oxides or any kind of residuals from the processes 

described above.  

SiO2 -coated on flat and on periodic staggered structures on Si 

In order to vary the chemistry of the periodically patterned Si samples while maintaining the 

same morphology, SiO2 was deposited on the periodic structure created on the Si substrate by 

means of an Oxford FlexAL Atomic Layer Deposition (ALD) tool at 150°C for 52 mins (200 

cycles). BTBAS-t-butylaminosilane and O2 were employed as precursors, while Ar as a purging 

gas. Specifically, a deposition cycle consisted of a 3 s pulse of BTBAS precursor, followed by 3 

s Ar purge, then a 3 s pulse of 60 sccm of O2 at 250 W plasma power, followed by a 2 s Ar purge. 

The pressure was set to 80 Torr during the BTBAS pulse, and to 15 Torr during the plasma O2 

pulse. The SiO2 layer thickness was measured using a J.A Woollam Variable Angle Ellipsometer, 

and the results were fitted using a Cauchy model yielding thickness and refractive index of ~30 

nm and 1.44, respectively.  

C19H42O3Si –functionalization of flat and periodic staggered structures on Si 

“Silanization” of the flat and periodic staggered Si structure was realized by allowing 

C19H42O3Si adsorption on the sample in a fume hood. 5 drops of silanization agent (C19H42O3Si) 

were placed in an aluminum foil cap whereupon the wafer was placed functioning as a seal for 
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the cap. After 2.5 h, the wafer was placed on a hotplate at 150°C for 10 mins to cure and 

evaporate the excessive silane. 

WCA measurement.  

Contact angle measurements were made using a Kruss FM40Mk2 EasyDrop contact angle 

goniometer. For measurements of the so-called “static” contact angle, we adopted a procedure 

described by Bain et al.22-23
.  Such procedure consists in bringing a 1 µl DI water drop formed at 

the end of a needle into contact with the surface. To avoid electrostatic charging, needle and 

surface were electrically grounded. Once the drop was in contact with the surface, the needle was 

removed and the contact angle measured by the standard software provided by Kruss. Contact 

angles were measured from both sides of 6 droplets on each sample, and the mean and standard 

deviation of these measurements are reported (the typical uncertainty is in the range 1-2°). For 

reproducibility, we took particular care in avoiding evaporation of the small droplet during our 

data collection by carrying out the measurement at close to saturated vapor pressure conditions. 

Data from at least 5 samples of flat and periodic structured SiO2, Si and silanized-Si were 

collected to yield statistical validity.  

AFM-force measurement.  

The AFM data was collected in ambient conditions in standard dynamic AFM24, i.e., in particular 

in amplitude modulation AFM, since it allows recovering the full force (F) versus distance (d) 

profile13, 25. In our experiments, the effective radius R was monitored in-situ with the use of the 

critical amplitude AC method that provides a functional relationship in dynamic AFM between 

the minimum free amplitude A0 required to reach the repulsive regime and R, i.e. R=4.75(Ac)1.1 

as reported elsewhere26 was used here to monitor R throughout the experiments. The amplitude-
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phase distance data was converted into force F versus distance d profiles by employing the 

Sader-Jarvis-Katan formalism14, 24, 27. In this formalism, the raw amplitude A (A≡A1≡Asp) and 

phase φ (φ=φ1) versus separation distance d curves were recorded and comprise the input while 

the F-d profiles were obtained by means of the Sader-Jarvis-Katan (SJK) formalism: 

F(d) = 2kL MN1 + OP QR (S)
8UF(S − V)

WΩ(S) − OY QR (S)
U2(S − V)

VΩ(S)
VS Z VS		(4)

[\]

[\^
 

The cantilever-surface separation zc can relate dm, or equivalently d, to the oscillation amplitude 

A by dm ≡ d ≈ zc – A. Ω is the normalized frequency that reads:  

Ω(d) = [1 + O`
aO cos(Φ(V))]

P
Q − 1		(5) 

where A0 is the free or unperturbed amplitude of oscillation and Φ is the phase lag relative to the 

drive force. For convention we assign d = 0 when the minima in F occurs, i.e., F = FAD, and 

distances are defined experimentally. The robust use of (4)-(5) requires that the force transitions 

occur smoothly in AM AFM and that bi-stability is avoided. This is required to recover the force 

and energy for the whole range of distances including long range and tip-sample deformation. 

Experimentally, here, the smoothness in the force transitions is achieved by sufficiently 

increasing the free amplitude A0 above the critical region of bi-stability28-29. For OLYMPUS 

(AC160TS) cantilevers with k≈30 N/m, Q≈400, and f0≈280 kHz, the smooth transition occurs 

for values of A0 larger than 20–30 nm when the tip radius R lies in the 5 to 10 nm range and for 

Si and SiO2 samples26. A minimum of 200 force profiles is reconstructed on each sample on at 

least 5 different locations within each sample. 

Density functional theory noncontact atomic force simulations.  
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All DFT noncontact atomic force simulations were performed using the Quantum Espresso 

package30. The potential basis sets in the generalized gradient approximations (GGA) use 

Perdew Burke Ernzerhof (PBE) functional and ultra-soft pseudopotentials. For van der Waals 

corrections, the DFT-D2 method of Grimme31 is applied to the DFT simulations. The kinetic 

energy cutoffs and density cutoffs are set as 30/240 Ry and the gamma point is used for all the 

total energy calculations. Silicon pyramid tip (Si10H15), amorphous SiO2, silane and silicon (100) 

crystal planes are relaxed by DFT geometry optimization before running noncontact atomic force 

simulations. The criterion for the geometry optimization is met once the total energy is less than 

41 1 0 −×  Ry and the interatomic force is less than 44 10 −× Ry/bohr. The force profiles are directly 

extracted by taking the gradient of the total energy of the system versus the distance between the 

silicon tip and solid surface. For comparison purpose, the tip to surface distance was refined by 

taking the position with the largest attractive force as the origin for the SiO2, Si, silane surfaces, 

respectively. For comparison, the force-distance profiles are also normalized by dividing the 

adhesion force of SiO2. 

In order to have amorphous SiO2 and silane configurations, we employed a molecule dynamics 

simulation with a reactive force potential19. The SiO2 surface was generated by annealing the 

oxygen-terminated quartz (0001) plane at 1500K for 50 pico-seconds with the time step of 1 

femto-second and then cooling it down to room temperature. After getting the annealed SiO2 

surface, the configuration was relaxed by performing the DFT geometry optimization. For the 

silane configuration, the initial configuration was taken from the trimethoxysilane C3H10O3Si 

rather than the hexadecyltrimethoxysilane C19H42O3Si used in our silane coating. The reason for 

this is that it is not practical to include the long-chain alkyl part of hexadecyltrimethoxysilane for 

the computationally expensive scanning simulation, and thus we put the trimethoxy part as a 
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basis to create amorphous silane surface by performing molecular dynamic simulation at 1500K 

for 50 pico-seconds.  
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