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Abstract: Self-assembling films typically used for colloidal lithography have been applied to pine 

wood substrates to change the surface wettability. Therefore, monodisperse polystyrene (PS) 

spheres have been deposited onto a rough pine wood substrate via dip coating. The resulting PS 

sphere film resembled a polycrystalline FCC-like structure with typical domain sizes of 5 – 15 single 

spheres. This self-assembled coating was further functionalized via an O2 plasma. This plasma 

treatment strongly influenced the particle sizes in the outermost layer, and hydroxyl as well as 

carbonyl groups were introduced to the PS spheres’ surfaces, thus generating a superhydrophilic 

behavior. 

Keywords: X-ray Photoelectron Spectroscopy; Atomic Force Microscopy; Confocal Laser Scanning 
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1. Introduction 

The deposition of self-assembling films has been developed from colloidal particle films [1,2]. 

The thickness of these films can be controlled between monolayers and several microns by varying 

the deposition parameters [3,4]. It has been found that monodisperse colloidal spheres are especially 

useful to deposit self-assembled films, sometimes enhanced by surfactants [5]. Such self-assembled 

films offer a great potential for many manufacturing methods due to their periodicity or crystallinity, 

they are often referred to as nanosphere lithography or colloidal lithography [6]. Even the use of 

different particles and spheres can be carried out, thus gaining multicolloidal crystals [7]. The 

applications of these crystals include biosensors [8], chemical sensors [9], high-strength ceramics, 

optical sensors and templates for macroporous structure synthesis [10,11]. Polystyrene colloidal 

crystals can be used for the preparation of macroporous films [12] and conducting polymers [13]. The 

self-assembly induces periodicities in dimensions high enough to form photonic crystals [10,14]. One 

critical issue for many of the given applications is the roughness of the substrate’s surface, onto which 

the layers are applied, because it accounts for the degree of ordering. The rougher the surface, the 
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less perfect the arrangement of the spheres becomes [15]. For patterning nonplanar surfaces, colloidal 

lithography is also applicable [16]. 

The highly ordered structures obtained by self assembly of spheres strongly influence the 

surface wettability, ranging from superhydrophilic to superhydrophobic behavior [17]. Lotus leaves 

with their self-cleaning ability show a multiscale roughness [18,19] together with superhydrophobic 

properties [20]. Several different approaches have been made to yield such a roughened texture 

[21,22]. First successful attempts to obtain films of self-assembled spheres on rough surfaces have 

been made by Allard et al., depositing polymethyl methacrylate spheres onto paper substrates via 

spray coating [23]. However, the method used by Allard et al. depends on the draining of the solvent 

through the substrate. For impermeable substrates with similar roughness, no successful application 

has been published up to now. Nevertheless, the colloidal lithography can be considered as an easy 

method to protect damageable organic surfaces. One example for rough organic surfaces with the 

need of protection against soaking with water are wood surfaces, since the decay of wood is mainly 

driven by fungi and bacteria, which can only survive in damp wood. In the present work, we 

demonstrate the applicability of self-assembling templates on wood as a surface with initially high 

chemical and structural heterogeneities. 

2. Materials and Methods  

A Digital Microscope (Keyence VHX-1000D with VH-Z100UW objective) is used for Light 

Microscopy (LM). The microscope allows a magnification from 100 to 1000. The depth of sharpness 

is increased by merging several pictures. 

Confocal Laser Scanning Microscopy (CLSM) was employed to study surface topographies 

previous and subsequent to the plasma treatments, thus allowing a verification of the SEM results, 

which possibly may be affected by surface charging. Due to the roughness of the surfaces, no AFM 

images with similar fields of view as the SEM images could be obtained. The Keyence VK-X210 

microscope with VK-X200K controller has a total magnification up to 24,000, this consists of up to 

150 objective lens magnification (Mo), up to 8 optical zoom and further digital magnification. A 

laser with a wave length of 408 nm is used for the illumination. For all images shown here, objectives 

with Mo=10 (N.A.=0.3) and Mo=150 (N.A.=0.95) were used. The images are overlaid with wide field 

microscopic and laser intensity measurements. 

A Scanning Auger Electron Microscope (Omicron NanoSAM) with a base pressure below 10-

10 hPa is used for Scanning Electron Microscopy (SEM) [24]. No conductive coating has been applied 

to the samples prior to the SEM measurements, thus enabling to retrieve images of the same sample 

before and after plasma functionalization. However, no Auger electron spectroscopy measurements 

can be conducted due to charging of the surface. The beam current during operation was 200 pA at a 

primary electron energy of 2 keV with a typical spatial resolution of 3 nm for SEM.  

Atomic Force Microscopy (AFM) was carried out using a Veeco Dimension 3100 SPM. All 

measurements are performed in Tapping Mode with Al-coated silicon cantilevers (NSC15, 

Micromasch). The typical resonance frequencies of this series are about 325 kHz, typical spring 

constants are in the range of 40 N/m. The radius of the tip curvature is less than 10 nm. All images 

consist of 512 lines each containing 512 pixels. They are recorded with a line-scan frequency of 0.5 Hz. 

SPIP (Image Metrology A/S) is used for the depiction of the AFM images and the calculation of the 

root mean square (RMS) surface roughness according to ISO 4287/1.  

An Ultra High Vacuum (UHV) apparatus with a base pressure of 510-11 hPa was used to carry 

out the spectroscopic experiments [25]. Scanning Electron Microscopy was performed in another 

UHV apparatus [26]. Atomic Force Microscopy and Confocal Laser Scanning Microscopy were 

carried out at atmospheric air. All measurements were performed at room temperature. 

X-ray Photoelectron Spectroscopy (XPS) was performed using a hemispherical analyser (VSW 

HA100) in combination with a commercial non-monochromatic X-ray source (Specs RQ20/38C). 

During XPS, X-ray photons irradiate the surface under an angle of 80° to the surface normal, 

illuminating a spot with a diameter of several mm. For all measurements presented here the Al Kα 

line (photon energy 1486.6 eV) is used. Electrons are recorded by the hemispherical analyzer with an 
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energy resolution of 1.1 eV emitted under an angle of 10° to the surface normal. All XPS spectra are 

displayed as a function of binding energy with respect to the Fermi level.  

For quantitative XPS analysis, photoelectron peak areas are calculated via mathematical fitting 

with Gauss-type profiles using CasaXPS to achieve the best agreement possible between 

experimental data and fit. To optimize our fitting procedure, Voigt-profiles have been applied to 

various oxidic and metallic systems previously, but for most systems the Lorentzian contribution 

converges to zero. Therefore, all XPS peaks are fitted with Gaussian shapes. For the analysis of all of 

the spectra, a Shirley-type background has been used. Photoelectric cross sections as calculated by 

Scofield [27] with asymmetry factors after Powell and Jablonski [28], taking into account asymmetry 

parameters after Reilman et. al [29] and Jablonski [30] as well as inelastic mean free paths from the 

NIST database [31] (using the database of Tanuma, Powell and Penn for elementary contributions 

and the TPP-2M equation for molecules) as well as the energy dependent transmission function of 

our hemispherical analyser are taken into account when calculating the stoichiometry. 

Pine wood veneer with a thickness of about 0.7 mm were cut into pieces of approximately 

10  100 mm² prior to the PS sphere dip coating process. The coated pine wood sample was then cut 

into chips of 10  10 mm² for further investigations. 

The self-assembled polystyrene structures are prepared on the pine wood veneer chips by 

dipping in a suspension of polystyrene (PS) spheres (Duke Scientific, d = 600 nm) in ethanol at 40 °C 

and subsequent manual pulling out [32]. Similar flow-induced processes reported in literature result 

in well defined multilayer colloidal crystals [33,34,35]. 

Plasma treatments have been carried out employing a dielectric barrier discharge in 200 hPa 

oxygen (99.99%, Westfalen AG). The plasma source is mounted to a preparation chamber with a base 

pressure of 510-8 hPa which is connected directly to the UHV recipient via a common transfer system 

and has been described elsewhere [36]. An alternating high voltage pulse generator with a pulse 

duration of 0.6 μs and a pulse repetition rate of 10 kHz is connected to the dielectric isolated electrode, 

while the sample forms the grounded counter electrode. The discharge gap is set to about 1 mm and 

the discharge area is about 2 cm². During the plasma treatment, a voltage of 11 kV (peak) is measured. 

The high voltage supply delivers a power of 2 W, the plasma power density can be calculated to 

1 W/cm² and with a plasma treatment time of 300 s, an energy density of 300 J/cm² is applied to the 

sample. The increase of the sample temperature during the plasma treatment does not exceed 10 K 

[36,37]. Typical electron energies with this setup amounted to approx. 7 eV [38]. 

Contact angles have been measured via the sessile drop method, using a Nikon D60 on a tripod 

together with a AF-S DX NIKKOR 18-105mm/3,5-5,6G ED VR zoom lens. Deionized water drops were 

deposited by a commercial syringe. Contact angles have been estimated using the LB-ADSA method 

of the Drop Analysis plugin for the ImageJ image processing program [39]. 

3. Results and Discussion 

The pine wood samples coated with self-assembling PS spheres have been characterized by a 

variety of microscopic tools, thus overcoming the single disadvantages of every of these methods. 

Since the optical appearance of the coating is of interest for many of the possible applications, the 

presented results begin with a LM image. CLSM has been used to study the structuring of the films 

over large scales. Scanning Electron Microscopy has been employed without any conductive coating. 

This allows to take images of the very same sample before and after plasma treatments, even though 

the occurrence of charging might affect the obtained images. However, it’s a powerful tool to 

overcome the wavelength limitation of the Confocal Laser Scanning Microscope’s field of view and 

thus closing the gap to the field of view for the Atomic Force Microscope. These microscopic studies 

of the coating and the influence of an air plasma treatment are then compared to the results on their 

chemical structure. 

3.1. Microscopic characterization 

Fig. 1 shows a light microscopic image of the PS sphere coated pine wood sample. The coating 

follows the natural structure of the wood substrate quite well on a rather macroscopic scale. The film 
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thickness however seems to be unsteady. At some parts of the sample, the color of the substrate is 

still visible, whereas most parts are colored completely white by the PS spheres. The color, however, 

originates in the latex-type structure of the film, which causes a diffuse reflection of the incident light 

while actually the spheres are transparent [40]. Thus, the film thickness can hardly be estimated from 

the color of the film. The films obtained with the employed deposition method tend to have a film 

thickness of about 10-12 layers on smooth surfaces [41,42]. However, the roughness of the wood 

substrate might give rise to slightly higher film thicknesses. 

 

 

Figure 1. Light microscopic image of the PS sphere coated pine wood sample. 

Fig. 2 displays CLSM images of the PS sphere coated pine wood sample before (a, left image) 

and after O2 plasma treatment (b, right image) with a magnification of 1500 (95  71 µm) in both 

images. Main parts of the obtained film of PS spheres are polycrystalline with typical domain sizes 

of about 5 - 15 single spheres, where the PS spheres are mainly resembling a face-centered cubic 

(FCC) crystal lattice. In the top image there is a rift visible which has not been filled up with PS 

spheres. Around this rift, the PS spheres assemble in an amorphous way, at some parts even revealing 

incomplete covering. The right image (b) pictures a rift, which is fully filled with PS spheres in an 

amorphous structure. However, no difference between the periodicity of the PS sphere film’s 

structure of the plasma treated sample (b) and the untreated sample (a) is visible. 

 

 
(a) 

 
(b) 

Figure 2. CLSM images of the PS sphere coated pine wood sample before (a) and after O2 plasma 

treatment (b) with a magnification of 1500. 
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Fig. 3 exhibits SEM images of the PS sphere coated pine wood sample before (a, left image) and 

after O2 plasma treatment (b, middle image) with image sizes of 16  21 µm² and 11  15 µm² 

respectively, as well as a CLSM image after the O2 plasma treatment (c, right image) with a 

magnification of 12000 (11.9  8.9 µm²). The SEM image reveal that the spheres are densely packed 

prior to the plasma treatment. After the plasma treatment, the SEM image shows gaps between the 

PS spheres, which are still arranged in a FCC like manner, even though the spheres are now shrunk 

to about half of their size. The CLSM image after O2 plasma treatment (c) shows just the same 

influence of the plasma treatment as the SEM image, thus excluding misleading results due to 

possible charging effects. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3. SEM images of the PS sphere coated pine wood sample before (top) and after O2 plasma 

treatment (middle), as well as a CLSM image after the O2 plasma treatment (bottom) with a 

magnification of 12000. 

Fig. 4 presents AFM images of the PS sphere coated pine wood sample with a field of view of 

10  10 µm² (a, left image) and 1  1 µm² (b, right image), respectively. Near surface parts with higher 

roughness, stacking errors and even amorphous phases are visible. The size of the spheres amounts 

to about 0.61 µm which fits very well to the manufacturer information and thus excludes broadening 

effects due to the AFM tip. The AFM results after the plasma treatment (not shown) resemble exactly 

the images prior to the plasma treatment (see fig. 4), in contrast to the SEM images clearly showing 

etched layers of spheres. This indicates a lack of mechanical strength of the sphere-based coating, as 

the affected layers are apparently removed by performing contact AFM measurements. 

 

 
(a) 

 
(b) 

Figure 4. AFM images of the PS sphere coated pine wood sample on an area of 10  10 µm² (a) and 

1  1 µm² (b). 

3.2. Spectroscopic characterization 
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Fig. 5 shows XPS C 1s spectra of the PS sphere coated pine wood sample before (a, left image) 

and after O2 plasma treatment (b, right image). The black points represent the original data, the 

Gaussian peaks of the individual components are displayed using green lines, while the sum for each 

spectrum is shown as red line. During the fitting procedure, the relative binding energies of the 

features have been set after Beamson and Briggs [43] as summarized in Tab. 1. Before the plasma 

treatment, the C 1s spectrum consists solely of aliphatic and aromatic groups. Due to the resolution 

limits, the ratios for peak areas and full widths at half mean (FWHM) have also been fixed for this fit. 

After the plasma treatment, some additional peaks are apparent, indicating an amount of oxidized 

carbon atoms of about 22 %.  

 

 
(a) 

 
(b) 

Figure 5. XPS C 1s spectra of the PS sphere coated pine wood sample before (a) and after O2 plasma 

treatment (b). 

Table 1. XPS binding energies according to [43]. 

Correlation 
Binding 

Energy 
Chemical Shift 

aromatic 284.8 eV –0.2 eV 

aliphatic 285.0 eV +0.0 eV 

C-O 286.5 eV +1.5 eV 

C=O, O-C-O 287.8 eV +2.8 eV 

O-C=O 288.8 eV +3.8 eV 

 

Fig. 6 XPS O 1s spectra of the PS sphere coated pine wood sample before (a, left image) and after 

O2 plasma treatment (b, right image). The spectrum before plasma treatment is enlarged due to its 

small intensity, which solely originates from the sample holder. After the plasma treatment, the oxide 

state from the sample holder is still present, but a larger peak has appeared at higher binding energies 

due to the hydroxyl, alkoxy, carbonyl and carboxyl groups that have been generated on the 

polystyrene spheres by the plasma treatment. 
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(a) (b) 

Figure 6. XPS O 1s spectra of the PS sphere coated pine wood sample before (a) and after O2 plasma 

treatment (b). 

All XPS C 1s and O 1s results from Fig. 5 and Fig. 6 are summarized in Tab. 2. 

Contact angles estimated via the Sessile drop method were 84° for the uncoated wood substrate 

and 110° for the PS sphere coated wood prior to the plasma treatment, while the contact angle of the 

PS sphere coated wood sample after the plasma treatment was well below 10° and thus incapable of 

measurement. 

Table 2. Summarized XPS results. 

Sample Region Fraction 
Binding 

Energy 
FWHM 

Rel. 

Intensity 
Correlation 

Before 

plasma 

C 1s 0.94 
287.1 eV 2.35 eV 0.75 aromatic 

287.4 eV 2.58 eV 0.25 aliphatic 

O 1s 0.06 
532.2 eV 2.47 eV 0.50 Mo-O 

534.9 eV 3.55 eV 0.50 Mo-CO3 

After 

plasma 

C 1s 0.69 

288.7 eV 2.73 eV 0.23 aromatic 

288.9 eV 3.00 eV 0.54 aliphatic 

290.4 eV 2.90 eV 0.05 C-O 

291.8 eV 3.00 eV 0.12 C=O, O-C-O 

294.3 eV 3.00 eV 0.05 O-C=O 

O 1s 0.31 
532.4 eV 2.65 eV 0.25 Mo-O 

537.1 eV 3.57 eV 0.75 C-O 

 

These self-assembling colloidal films can be considered as one part of deposition process for self-

cleaning coatings. Even though the results appear very promising, there are two issues that have to 

be overcome in order to use the coating in any application. Firstly, the film has to be fastened to gain 

mechanical stability. Secondly, the surface energy has to be varied e.g. via the attachment of 

surfactants, thus creating a lotus-effect film. Therefore, the overall coating process of such films can 

be subdivided into the following steps:  

 

1. Deposition of the self-assembling units 

2. Fixation of this colloidal film 

3. Simultaneous plasma-etching and –functionalization 

4. Attaching surfactant molecules 

 

The colloidal deposition step (1) has successfully been carried out as demonstrated earlier in this 

section. The fixation step (2) however still has to be developed. The plasma-etching step (3) has 

successfully been demonstrated as well, where the results on the C 1s structure after the plasma 

treatment indicated a high amount of polar groups. These polar groups can then presumably be used 

as bonding sites for the attachment of surfactant molecules to adapt the surface energy corresponding 

to the film (step 4). This last step is crucial for the hydrophobic properties of the film and may even 

lead to an amphiphobization e.g. when using organofluorine compounds. 

4. Conclusions 

The microscopic results reveal a polycrystalline FCC structure of the PS sphere coating with 

typical domain sizes of 5 – 15 single spheres. The O2 plasma treatment significantly shrank the PS 
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spheres without any influence on the crystal-like structure. Furthermore, the surface of the PS spheres 

got chemically modified towards hydroxyl and carbonyl groups. This two-part, chemical and 

structural functionalization of the PS spheres induced very low, superhydrophilic contact angles. 

However, the coating did not become stabilized by the plasma treatment. Thus, some further 

treatment has to be applied in order to make the film applicable. A promising approach for the 

fixation of the film is the plasma polymerization of a further polymer matrix. Moreover, the chemical 

groups attached to the PS spheres by the O2 plasma treatment can be utilized to attach functional 

groups in order to try and improve the chemical resistance or generate very high, superhydrophobic 

contact angles. These tasks will be addressed in prospective investigations. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: SEM images 

of larger areas of the PS sphere coated pine wood sample after O2 plasma treatment.  
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(c) 

Figure S1. SEM images of larger areas of the PS sphere coated pine wood sample after O2 plasma 

treatment. 
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