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a b s t r a c t

A significant interest in the versatile and controlled fabrication of surface coatings is

present nowadays in materials science. Here we present a repeatable and efficient method

of obtaining polystyrene (PS) layers based on the use of controlled deposition of poly-

styrene nanoparticles (PS-NPs) in the strictly defined amount and forming a smooth (RMS

below 1 nm) coating by melting them. Due to the dependence between the concentration of

the applied nanoparticles and the thickness of the obtained homogeneous layer, it is

possible to control the thickness of the PS coating straightforwardly. Moreover, in this

technique, the initial solvent is quickly evaporated, which results in coatings with a higher

DMTmodulus (up to 8 GPa) compared to spin- or dip-coated methods. We have obtained PS

layers on silicon, glass, gold and steel substrates and we have shown the application of our

method to cover highly-rough patterned surfaces. Finally, our method is time- and cost-

effective due to the inclusion of only the simple heating process and no need to use any

advanced equipment. The topography and thickness of PS coatings were studied using

atomic force microscopy (AFM) and scanning electron microscopy (SEM) and all are in good

correlation with the theoretical calculations.
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1. Introduction
The control over surface coating on different materials is a

significant subject in many fields of modern science. This is

especially true in novel targeted materials and high-tech

industry solutions [1,2]. Due to the simplicity, versatility,

scale and costs of the production process, polymer coatings

are gaining more and more popularity [3]. Among many

deposition techniques of polymers, the most efficient seems

to be coating preparation by the spin- [4] or dip-coating [5]

treatment using dissolved polymer in organic solvents or the

layer-by-layer (LBL) approach [6]. Those types of methods are

easy to implement, repeatable and quick. Such an approach

to layer production is unfortunately limited by the small area

of formed monolayers and difficult control over thickness,

roughness and uniformity of the surfaces, qualities most

crucial and demanded in many applications [7]. Anticorro-

sive and passivating protection of metallic surfaces appli-

cations can be considered among the most common uses of

thin polymer coatings [8,9]. The general protective properties

of such systems result not only from the hindered diffusion

of corrosion factors, but also from changing the adhesive [10]

andwetting [11] properties of thematerial surface. Moreover,

usingmaterials with mixed properties, it is possible to obtain

adhesive and photosensitive layers [12,13]. These types of

layers are often used as surface media to modify the optical,

electrical and tribological properties of solid and bulky ma-

terials. Combining the intrinsic properties of unmodified

surfaces with additional polymer layer gives rise to new

ones: electronic functionality, lightweight, mechanical flex-

ibility and facile solution-processing over large areas [14,15].

Moreover, since the conjugated polymer layers are charac-

terized by low-bandgap energy, they are used in modern

photovoltaics, photodetectors, and transistors [16e18].

Another important group of applications of polymeric films

is their use for cells biocompatibility in medicine [19], anti-

bacterial surfaces [20], nature-minic coatings [21] and cell

culture scaffolds [22]. Polymeric nanocomposites find also

their application in the emerging and rapidly developing field

of energy-related applications - serving in supercapacitors

[23,24], solar cells [25,26], batteries [27e29] or fuel cells [30].

Materials for these purposes are silica, carbon nanotubes,

graphene, boron nitride and metal oxides. Another applica-

tion is sensing, which employs different types of polymers,

and does include their stretching, bending, and twisting e

which then cause changes in the electrical resistance, cur-

rent, and/or capacitance of the active material in the com-

posite. Several novel solutions are presented for sensors

[31,32] and flexible strain materials, serving in wearable ap-

plications [33].

Herein, we present a never-reported approach of using

self-assemblies of colloidal polystyrene nanoparticles (PS-

NPs) as a precursor for thickness-controlled coatings of sur-

faces. PS-NPs are commonly used to fabricate 2D colloidal

crystals due to their ability to spontaneously form mono-, bi-

and multilayer by changing preparation conditions and

fabrication methods [34]. Assembled 2D polystyrene nano-

particles could find applications as the templates for bottom-

up nanosphere lithography in solar cell studies, optofluidics
and nanophotonics [20,35] or as templates for scaffolds of 3D

cell culture matrix [36].

The drop-casting method, disregarding its simplicity and

low cost makes it difficult to receive large area colloidal PS-

NPs monolayers and the applications are limited due to the

difficulties with controlling the number of nanoparticles

layers [37]. Unfortunately, similar problems with the forma-

tion of large areas of monolayer assemblies are characteristic

of dip-coating technology. Even though the problem of un-

wanted aggregation of nanoparticles could be solved by the

addition of surfactant, that heterogeneous surface covering

and forming cracks remain a challenge to overcome [38]. The

spin-coating method is commonly used to fabricate nano-

particle colloidal crystals. In this technique, a suspension of

nanoparticles is spread over a rotating substrate. Spin-

coating is more useful for multilayers assemblies where the

presence of a defect in surface covering is acceptable [39,40].

Of all fabricationmethods of high-qualitymonolayer colloidal

crystals, the most promising seems to be the Langmuir-

Blodgett method where nanoparticles monolayer is formed

on the air-water interface. Even the air-water interface

method prepared to realize a large-scale fabrication of two-

dimensional colloid monolayer, as a coating fabrication

method seems to suffer from a quasi-double layer structure

formation [21,23]. Moreover, from the point of view of po-

tential applications as coatings, its applicationmay be limited

due to the difficulties with transferring the layer into a solid

substrate. In this paper, we decided to use a simple desorp-

tion method from nanoparticles suspension to fabricate

thickness-controlled coating of surfaces just by using poly-

mer nanoparticles deposition on various substrates. In our

experiment, we used the PS-NPs concentration as a control-

ling parameter for the degree of surface coverage and

resulting thickness of the whole polymer layer. According to

the random sequential adsorption (RSA) theory [41] the de-

gree of surface coverage by nano-sized spherical objects de-

pends on the dispersion concentration, exposure time,

surface potential and particles size, and ionic strength of

dispersion [42]. Self-assembled PS-NPs were melted over the

phase transition temperature creating a thicknessecontrolled

polystyrene layer. The thermal polymer coating technique is

characterized by high repeatability over the entire surface,

homogeneity of the layer and low surface roughness. Due to

the controllability of polymer film thickness and theoretical

prediction of the required degree of surface covered by

nanoparticles, the method is highly scalable and suitable for

highly dependent coverage patterns. Contrary to the previ-

ously described methods, the one presented here favours

quickly solvent removal, which leaves coatings with a higher

DMT modulus, compared this parameter obtained by stan-

dard methods.
2. Experimental section

2.1. Materials

Styrene (containing 4-tert-butylcatechol as a stabilizer,

�99%), potassium persulfate (K2S2O8, �99.0%) and poly(-

ethyleneimine) (PEI, branched, analytical standard) were

https://doi.org/10.1016/j.jmrt.2022.06.031
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supplied by Sigma Aldrich. All solutions were prepared using

ultra-pure water of resistivity 18.2 MU cm (Millipore). Silicon

wafers used in the experiments were purchased from Siegert

Wafer GmbH (Aachen, Germany). Gold surfaces (200 nm of

gold on glass) were purchased from Ssens bv (Enschede, The

Netherlands). Glass surfaces, standardmicroscope slideswere

provided by Equimed (Krakow, Poland). Steel samples were

cut from consumer-grade metal packing can (Brzesko-Oko-

cim, Poland). All substrates were thoroughly cleaned - washed

in methanol, acetone (Avantor Performance Materials,

Poland) and finally in ultra-pure water in an ultrasonic bath

for 10 min for each solvent.

2.2. Methods

Atomic force microscope (AFM) topography images were

obtained with Dimension Icon XR microscope (Bruker, Santa

Barbara, CA, USA) working in the air in the PeakForce Tap-

ping (PFT) mode using standard silicon cantilevers of nomi-

nal spring constant of 0.4 N/m and triangular geometry tip

with a nominal tip radius of 2 nm. Moreover, using PeakForce

Tapping Quantitative Nanomechanical Mapping (PF QNM)

mode in the air topography with additional modulus, adhe-

sion, indentation channels was gathered [43]. Derja-

guineMullereToporov (DMT) [44,45] model was used to

determine nanomechanical parameters of the obtained PS

coatings and it was chosen by default by Bruker AFM soft-

ware due to used PF QNM mode. All PF QNM images were

obtained with previously calibrated probes with a spring

constant specified on 36.52 N/m and a tip radius of 30 nm. To

determine the exact values of spring constant and tip radius,

all probes were calibrated according to the procedure rec-

ommended by the manufacturer and described in the AFM

manual. Deflection sensitivity data were obtained by

engaging and ramping the probe onto a smooth silica sur-

face, spring constant value was calculated after a thermal

tuning process using Lorentzian fit and tip radius was spec-

ified on PS calibration sample (spin-coated, modulus of

2.9 GPa). For analysis, 12 different areas were taken for cal-

culations. Roughness (RMS) parameters were averaged from

10 different 5 � 5 mm areas of each sample excluding visible

external artifacts. Scanning Electron Microscopy (SEM) im-

ages were obtained with Versa 3D (FEI, Hillsboro, OR, USA)

microscope at an accelerating voltage of 20 kV. All PS coat-

ings samples were broken in half to reveal the cross-section

of the layer. Nanoparticles size and charge were measured
Scheme 1 e Fabrication of thick (1.) and (2.) thin PS coatings: A.

nanoparticles deposition, C. controlled melting in 300 �C, D. fac
with ZetaSizer Nano ZS (Malvern Panalytical) in the config-

uration for a measurement angle of 173�.

2.3. Synthesis of polystyrene nanoparticles (PS-NPs)

Negatively charged sulfate polystyrene nanoparticles (PS-NPs)

were synthesized using the emulsifier-free emulsion poly-

merization of styrene. The mixture of 150 ml of 0.017 M so-

dium chloride was purged using argon and heated to 70 �C in a

glass reactor equipped with a mechanical stirrer and reflux

condenser. Next, 11 ml of styrene and, afterward 5 ml of

0.163 M potassium persulfate aqueous solution were added

into this mixture. The polymerization reaction was conducted

under argon atmosphere at 70 �C for 24 h, mechanical stirring

was used. After synthesis, the white suspension was purified

two times using centrifugation at 8000 rpm. The final precip-

itate was redispersed in 100 ml of water to obtain a concen-

tration of 27.0 mg/ml. The measured surface potential of PS-

NPs was �34.8 ± 4.4 mV and the average diameter of nano-

particles was 658 ± 38 nm using AFM and 670 ± 45 nm. The

latter values weremeasured by the DLS technique - see Fig. S1

in the Supporting Information.

2.4. PS-NPs controlled deposition on surfaces

The silicon, gold, glass and steel surfaces were cleaned in

methanol, acetone and finally in ultra-pure water and then

dried under a stream of argon. The washed and dried sub-

strates were oxidized in oxygen plasma (Plasma Cleaner PDC-

32G-2, exposition time: 15 min, oxygen flow rate: 25 ml/min).

Next, the prepared substrates were immersed in poly-

ethyleneimine (PEI, 1 mg/ml) water solution for 15 min to

create a positively charged polymer film on the surface (LbL-

approach). Monodisperse PS-NPs deposition onto modified

positively charge substrate interfaces was carried out by im-

mersion substrates from the previous step in nanoparticles

suspension with selected concentration for 25 min (see

Scheme 1B). For all surfaces, three different concentrations of

PS-NPswere used: 27.00mg/ml (PS-NPs-0), 2.70mg/ml (diluted

10 times, PS-NPs-10) and 0.27 mg/ml (diluted 100 times, PS-

NPs-100). Moreover for silicon surface three additional solu-

tions were prepared with concentrations of 5.40 mg/ml

(diluted 5 times, PS-NPs-1), 1.08 mg/ml (diluted 25 times, PS-

NPs-25) and 0.54 mg/ml (diluted 50 times, PS-NPs-50).

Finally, deposited surfaces were washed with water and

dried under a stream of argon.
bare substrate (silicon wafers, glass, gold or steel), B. PS

ile coating method on the high-roughness surface.
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2.5. Fabrication of thickness-modulated polystyrene
coatings

Fabrication of polystyrene coatings was carried out by heating

on the hot plate PS-NPs deposited on studied surfaces at

300 �C for 10 min (see Scheme 1C). Additionally, the samples

were covered with a glass lid to ensure uniform heating of the

entire surface.
3. Results

3.1. PS-NPs coverage of surfaces

Following the general concept, we have assumed that we can

design a facile, repeatable, and cheap method of coating fabri-

cation allowing for modulated control of layer thickness.

Moreover, inourassumption,wewanted toobtaincoatingswith

a uniform coverage even on rough surfaces (see Scheme 1D).

Firstly, we investigated controlled deposition on flat silicon

wafers (covered with a silicon oxide thin layer). PS-NPs were
Fig. 1 e Characterization of silicon surface with adsorbed PS-NP

with different concentrations, B1) AFM image of PS-NPs-1 with

analysis (B3).
deposited from solutions of different concentrations, resulting

in various surface coverage. For themost concentrated solution

of PS-NPs-0 (27 mg/ml), the surface coverage area was

46.09± 3.13%.which, is the theoretical limit value of the surface

coverage (see Fig. 1A). The measured parameter is close to the

literature value, which estimates the maximum surface

coverage of charged particles to the theoretical value of 54.7%

[46]. The lower obtained values result from differences in the

surface charge of negatively charged PS-NPs in relation to the

model values [27,32] and higher repulsive forces between indi-

vidual particles. For all samples, surface coverage parameters

were calculated fromatomic forcemicroscopy (AFM) data using

bearing analysis function with the bearing depth of 330 nm,

which is half of the average height of the low-dispersibility

spherical nanoparticles (see Fig. 1B1 and 1B2) measured previ-

ously using AFM. This value can be counted as the average

radiusof thenanoparticle and theheight atwhichwhenviewed

fromabove, thePS-NPscover the largestarea.Asmentioned, the

measured surface coverage value has reached the limit value,

which means that the used concentration was too high. The

limiting concentration, where the last time the coverage value
s: A) Surface coverage of PS-NPs desorbed from solutions

corresponding cross-section (B2) and bearing area

https://doi.org/10.1016/j.jmrt.2022.06.031
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does not change, was empirically defined to be 5.4 mg/ml (with

the coverage of 46.27 ± 2.87%). Further decrease the concentra-

tion of the PS-NPs solution led to a controlled reduction of the

surface coverage area reaching 32.24 ± 1.07% for PS-NPs-10,

13.64 ± 1.12% for PS-NPs-25, 5.38 ± 0.97% for PS-NPs-50, and

3.57 ± 0.87 for PS-NPs-100, which is shown in Fig. 1A.
Fig. 2 e AFM 3-D images of PS-NPs-1 (1), PS-NPs-10 (2), and PS
The next step was to determine whether the deposition of

PS-NPs creates well-defined monolayers. Avoiding aggregates

and unwanted stacking of nanoparticles is crucial for the

thickness-controlled formation of layers after melting. All

additional nanoparticles would disturb the fine tailoring of

polystyrene coatings by an uncontrolled increase in the
-NPs-100 (3) on silicon (A), glass (B), gold (C), and steel (D).

https://doi.org/10.1016/j.jmrt.2022.06.031
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thickness of the layer. The AFM technique was used to

determine the surface coverage by excess PS-NPs located

above the desired monolayer. This time the bearing depth in

the bearing analysis function was set at 800 nm. For silicon

surface, only 1.44 ± 0.21% for the sample deposited from the

most concentrated solution (PS-NPs-1, see Fig. 1B2 and 1B3

and in Supporting Information) and 1.29 ± 0.14% for PS-NPs-

10. In the most diluted sample of PS-NPs-100, no aggregates

or stacks were observed. All mentioned studies were repeated

on glass, gold and steel surfaces. The universality of our

method is emphasized by the very similar surface coverage by

PS-NPs on all substrates, which is clearly visible on AFM
Table 1e PS-NPs surface coverage ofmono- andmultilayerswi
on silicon, glass, gold and steel.

Substrate CPS-NPs

[mg/ml]
PS-NPs surface
coverage [%]

PS-NPs mult
coverage [

Silicon 5.40 46.27 ± 2.87 1.44 ± 0.2

2.70 32.24 ± 1.07 1.29 ± 0.1

0.27 3.57 ± 0.87 0.00 ± 0.0

Glass 5.40 43.17 ± 3.49 2.04 ± 0.2

2.70 34.61 ± 1.88 0.88 ± 0.1

0.27 3.71 ± 1.05 0.01 ± 0.0

Gold 5.40 45.34 ± 1.33 1.56 ± 0.2

2.70 35.50 ± 1.69 0.35 ± 0.0

0.27 3.78 ± 0.77 0.00 ± 0.0

Steel 5.40 45.23 ± 2.01 1.07 ± 0.1

2.70 34.42 ± 2.07 4.32 ± 0.4

0.27 3.30 ± 0.86 0.00 ± 0.0

Fig. 3 e AFM characteristic of polystyrene coatings on silicon (A)

PS-NPs-10 (2) and PS-NPs-100 (3).
images of PS-NPs on all surfaces presented in Fig. 2. Moreover,

PS-NPs on all surfaces create a monolayer deposition with

very low excess nanoparticles (up to 4.32 ± 0.47% for steel

surface covered from solution with PS-NPs-10). All surface

coverage data for PS-NPs mono- and multilayers are gathered

in Table 1.

3.2. PS coatings characterization

Polystyrene layers were obtained bymelting deposited PS-NPs

on surfaces with no further processing. The thicknesses of PS

layers were known by AFM measurements of scratched
th a calculated andmeasured thickness of polystyrene layer

ilayer
%]

Thickness of PS layer [mm] RMS of PS
layer [nm]Calculated Measured

1 0.207 ± 0.013 0.218 ± 0.021 0.59 ± 0.17

4 0.145 ± 0.006 0.160 ± 0.012 0.62 ± 0.19

0 0.015 ± 0.003 0.017 ± 0.004 0.49 ± 0.09

9 0.205 ± 0.016 0.213 ± 0.021 0.89 ± 0.12

5 0.158 ± 0.009 0.160 ± 0.012 0.77 ± 0.14

0 0.016 ± 0.004 0.017 ± 0.004 0.56 ± 0.11

2 0.194 ± 0.007 0.201 ± 0.011 0.44 ± 0.08

8 0.152 ± 0.007 0.152 ± 0.012 0.50 ± 0.13

0 0.016 ± 0.003 0.017 ± 0.003 0.42 ± 0.10

0 0.201 ± 0.009 0.193 ± 0.024 0.92 ± 0.21

7 0.167 ± 0.011 0.170 ± 0.021 0.81 ± 0.13

0 0.014 ± 0.004 0.019 ± 0.004 0.67 ± 0.14

, glass (B), gold (C), and steel (D) obtained from PS-NPs-1 (1),

https://doi.org/10.1016/j.jmrt.2022.06.031
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surfaces. These measurements confirmed our initial

assumption of obtaining a facile, efficient and surface-

independent method of coating substrates and controlling

the resulting thickness. It seems that the thickness of PS

layers depends not on the type of the surface, but on the total

number of PS-NPs (as the surface coverage area of deposited

PS-NPs). For silicon, glass, gold and steel substrates, obtained

results, presented in Fig. 3, are similar to each other and lays

in the range of 17e19 nm for PS-NPs-100, 152e170 nm for PS-

NPs-10 up to 193e218 nm for PS-NPs-1 (see Table 1). Signifi-

cant differences in the thickness of the layers obtained from

the samples were confirmed using scanning electron micro-

scopy (SEM) e see Fig. S3 and paragraph 4 in Supporting In-

formation. As with AFM, the thickest layer is the observed

layer for PS-NPs-1 deposition, while the thinnest for PS-NP-

100. Moreover, all measured thicknesses are in good agree-

ment with theoretical calculations. Theoretical parameters

(Table 1, Table S1 and S2 in the Supporting Information) were

calculated using surface coverage data from AFM bearing

analysis function and some basic equations, which are

described in detail in paragraph 3 in the Supporting Infor-

mation. All experimental and theoretical data for surfaces

have been compared to each other. As it is presented in Fig. 4

measured and theoretically calculated thicknesses for all PS

layers are in good correlation. Moreover, the PS-NPs area

coverage on all surfaces corresponds to the thickness of the

obtained layers, which clearly confirms the facile modularity
Fig. 4 e Plots of PS-NPs surface area coverage and related theoret

terms of concentration of deposited PS-NPs on surfaces: A) silic

PS-NPs surface area coverage, blue plots to the theoretical thick
of this method. Another undeniable advantage of the pre-

sented method is the obtained coatings low roughness (RMS).

For all thicknesses and all surfaces, RMS parameters are below

1 nm, which is in good correlation to the RMS parameters for

the spin-coated polystyrene layer on the AFM calibration

sample (0.42 ± 0.12 nm). All RMS data are gathered in Table 1.

3.3. Nanomechanical characterization of PS layers

The method of fabrication of PS coatings relies on the direct

deposition of PS-NPs from an aqueous solution. Desorbed and

electrostatically organized (attractive interactions between

positively charged surface and negatively charged nano-

particles, repulsive interactions between uniformly charged

PS-NPs) are melted in 300 �C. Such high temperature causes

water to drain off very quickly and the dry nanoparticles can

start the melting process without the presence of a solvent.

Moreover, melted clear polystyrene was left at the set tem-

perature for 10min. All thosemethods shouldmake forming a

PS solidifying layer harder than layers obtained in quicker

processes and from solvent solutions (i.e., spin coating, dip

coating). Using AFM working in the PFT Quantitative Nano-

mechanical Mapping (PF QNM) mode we have determined

nanomechanical parameters of the obtained PS coatings on

the silicon, glass, gold and steel surfaces and additionally on

spin-coated PS layer on silicon and an identical spin-coated

sample but from an AFM calibration kit (see Fig. 5). All
ical andmeasured thickness of PS layer after melting in the

on, B) Glass, C) Gold, D) Steel. Black plots correspond to the

ness and red plots to the measured thickness.

https://doi.org/10.1016/j.jmrt.2022.06.031
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Fig. 5 e AFM topography (top) and DMT modulus (bottom) images with corresponding topography (left) and DMT modulus

(right) cross-sections obtained in PF QNM for PS samples: A) spin-coated on silicon, B) spin-coated on silicon from AFM

calibration kit, C) melted coating on silicon, D) melted coating on glass, E) melted coating on gold, F) melted coating on steel.
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moduli of the samples were obtained from the Derja-

guineMullereToporov (DMT) model after the previous cali-

bration of measuring probes. DMT modulus for spin-coated

sample on silicon (3.08 ± 0.21 GPa) was equal to the literature
Fig. 6 e Thickness-modulated PS coatings on silver patterned s

with coating obtained from PS-NPs with c¼ 1.10mg/ml (B) and s

c ¼ 5.4 mg/ml (C); (1) Schematic drawing, (2) AFM topography im
data (3.0 GPa e for thick PS spin-coated layers, 3.4 GPa for dip-

coated layers and 3.0e3.5 GPa for bulk materials) [47,48].

Moreover, themeasured result is consistentwith the results of

the spin-coated PS sample on silicon from the AFM calibration
tripes on silicon: bare stripes (A), stripes partially covered

tripes fully covered with coating obtained from PS-NPs with

age and (3) AFM cross-section.

https://doi.org/10.1016/j.jmrt.2022.06.031
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kit (2.92 ± 0.10 GPa). Measured DMT modulus for PS-NPs-1

melted coating on silicon is more than two times higher

(7.03 ± 0.17 GPa) than the spin-coated one. DMT modulus for

all PS melted layers is similar on each type of surface, how-

ever, the visible difference is in the homogeneity of the

coating surfaces presented in the rise of RMS parameters of

the DMT data. The measured DMT modulus for glass is

6.97 ± 0.34 GPa, for gold is 7.95 ± 0.39 GPa and for steel is

8.14 ± 0.81 GPa. The performed PF QNM measurements

confirmed our assumptions that our PS-NPs melting method

without the presence of a solvent significantly increases the

modulus of the obtained layers, which can be used as pro-

tective and insulating coatings.

3.4. High-roughness surfaces covering studies

In the last characterization, we did we decided to confirm the

possibility of covering a non-flat surface with a layer of

demanded thickness. Therefore, we covered surfaces of pre-

viously obtained patterned high-roughness silver stripes with

a width of 25 mm and a thickness of 118 ± 9 nm (see Fig. 6A). In

our assumption, by controlling the amount of PS-NPs, we will

be able to partially and completely cover the silver stripes.

According to the previous results, shown in Fig. 4, we chose

the concentrations of PS-NPs solutions for 1.10 mg/ml for

partial coverage in the level of two-third parts and 5.51 mg/ml

for the complete coverage. As it is presented in Fig. 6B the

fabricated PS layer filled the spaces between the silver stripes

to a thickness of 65e74% of the total height of the strip. The

usage of higher concentration results in complete coverage of

the stripes (see Fig. 6C), which makes both of our estimations

correct.
4. Conclusions

The results, presented above, support the hypothesis that

monolayer deposition of polystyrene nanoparticles and

melting them at 300 �C could serve as a well-controlled and

efficient method of fabrication of thickness-modulated poly-

mer coatings. The presented method does not require the

usage of any advanced laboratory equipment, time-

consuming experiments and tedious cleaning processes. The

only thing needed is a hot plate, which makes the fabrication

process very low cost. Moreover, the presentedmethod can be

applied on many different surfaces (silicon, glass, gold, steel)

achieving similar unified parameters of coverage (thickness,

roughness, DMT modulus). Based on the measurements and

theoretical calculations, the thickness of PS layers can be

tailored in the range of single nanometers up to several hun-

dred nanometers. In presented examples, the 218 ± 21 nm

thick PS layerwas achieved froma nanoparticle concentration

of 5.4 mg/ml, which corresponded to themost densely packed

PS-NPs monolayer on the surface. The surface coverage can

not be higher because of repulsive interactions between uni-

formly charged nanoparticles forming monolayer before the

melting process, which follows directly from the random

sequential adsorption (RSA) theory. AFM working in PF QNM

mode confirmed high modulus of PS coatings: 7.03 ± 0.17 GPa

for silicon, 6.97 ± 0.34 GPa for glass, 7.95± 0.39 GPa for gold and
8.14 ± 0.81 GPa for steel substrate. Obtained values are around

2.5 times higher for the spin- or dip-coated and bulk samples

(2.9e3.5 GPa), which is caused by solidifying process of melted

PS without the presence of any solvent, that would need to be

vaporized. Finally, we applied our method to cover high-

roughness surfaces with a layer of demanded thickness in a

controlled way. We proved that the calculated concentration

of nanoparticles deposited to the non-smooth surface is in

good relation with experimental data and will flatten the

rough surface with a high yield for both partial and full

coverage. The experimental simplicity of our method makes

the controlled PS-NPsmelting technique a good candidate as a

facile and scalable alternative for the common techniques

such as spin- or dip-coating and a novel approach in obtaining

elevated modulus polystyrene coatings keeping low rough-

ness of the layers (RMS < 1 nm).
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