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A novel approach enabling the full control of the 3D nanostructure 

of polymer thin films is presented. An orderd nanoporous polymer 

film is obtained using a nanoparticle monolayer as template. The 

pores are then filled with a second organic component via spin 

coating which, by modulating the deposition parameters, enables 

the control of the filling degree with nanometric precision. 

Nanostructured polymer thin and ultrathin films have recently 

emerged as model systems to study the soft matter behavior under 

nano-confinement
1-3

 as well as promising active materials in a 

number of applications such as electronics,
4
 photovoltaics,

5
 

biosensing
6,7

 and biomaterials.
8
 In most of these cases it is of 

paramount importance to control the film nanostructure, as well as 

the polymer conformation, to clearly define the confinement 

condition of the polymer
9
 or to optimize the device properties.

10
 

The most common approaches to attain this goal are exploiting the 

self-assembly properties of the polymer itself,
11-12

 tuning the 

interactions with the substrate in order to tune polymeric 

orientation
13-16

 or applying the so called top-down techniques, 

consisting of different approaches based on lithography,
17

 use of 

both organic
18-25

 and inorganic templates,
26-28

 interaction of 

polymer with light
29

 and application of external forces
30

. However, 

it is generally possible to control the film nanostructure only toward 

one direction with respect to the surface, that is in parallel or 

perpendicularly, and only in special cases, mainly involving block 

copolymers, a full 3D control is attainable.
31

 For many technological 

applications this lack of three-dimensional control of the 

nanostructure is one of the main drawbacks limiting the full 

exploitation of polymer films.  

On this view porous polymer films
32

 would be promising candidates 

for controlling not only the horizontal but also the vertical 

nanostructure by filling them, in a tailored manner, with a second 

component. However, the established methods to obtain 

nanoscopic polymer pores are generally based on the self-assembly 

of block copolymers or polymer blends,
33-34

 thus they do not enable 

a precise control of the chemical composition of the film. It will be 

shown here that it is possible to obtain narrowly dispersed 

nanoporous homopolymer ultrathin films via the soft colloidal 

lithography
35-36

 and then to control their degree of filling. The 

method, schematized in Fig.1A, consists of both the formation of a 

monolayer of hexagonally close packed silica nanoparticles and the 

filling of the monolayer interstices with a polymer film. Finally, by 

etching the silica nanoparticles with HF, polymer films with 

hexagonally close packed pores are obtained. These pores can be 

filled with a second organic component by spin coating and the 

degree of filling can be controlled by varying the solution 

concentration and/or the spin rate. Our approach has been applied 

to the poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric 

acid methyl ester (PCBM) blend, in view of its extensive use as 

active layer in organic photovoltaics where a careful control of both 

in-plane and out-of-plane nanostructure is required for maximizing 

the efficiency.
10,37-38

 

Fig. 1B-C show the atomic force microscopy (AFM) topographical 

images of the 147 nm nominal diameter silica nanoparticles 

monolayer and of the polymer film after the silica etching. As it is 

evident, the porous structure keeps the same hexagonal array of 

the nanoparticles.  

In order to verify that the HF etching does not affect the polymer 

chemical composition, an X-ray photoelectron spectroscopy (XPS) 

analysis, which allows to characterize both the elemental 

composition and the chemical bonds of polymer thin films,
39-40

 was 

performed on the porous P3HT film. These results were then 

compared to the ones of a flat HF-untreated P3HT film (Fig.2). Both 

wide and elemental high resolution scans do not show any 

significant change between flat and porous P3HT films. In particular, 

the wide scan of the HF-treated sample does not show any signal 

coming from silicon or oxygen, confirming that the etching 

quantitatively removes the silica particles. Moreover, the carbon  
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Fig.1. Schematic representation of the nanoparticles-template method to 
obtain nanoporous polymer film (A). AFM height image of the nanoparticles 
layer (B) and of the nanoporous P3HT film upon the nanoparticles etching 
(C). The hexagonal packing of the nanoparticles, kept even after their 
removal, is highlighted in red. 

and sulphur high resolution scans are virtually identical for both 
samples, ensuring that the HF treatment does not alter the P3HT 
chemical composition. 

Once obtained the porous P3HT film, it is possible to fill the pores 

with PCBM provided that the PCBM solution does not dissolve the 

polymer film. However, this issue can be easily solved by dissolving 

the PCBM in dichloromethane, which does not dissolve P3HT.
41

 In 

order to ensure a homogeneous coverage and to control the degree 

of filling, PCBM was deposited via spin coating, enabling the control 

of the thickness of the deposited layer by tuning the spinning speed 

and the concentration of the spread solution. In Fig.3 the AFM 

topographical images of the P3HT pores filled with PCBM at 

different concentrations and at two different spinning speeds are 

reported. It is clear, especially for low PCBM concentrations, that 

the spin coating process does not alter the hexagonal arrangements 

of the pores. Moreover, at a given spinning speed, the pores depth 

gradually decreases with increasing the PCBM concentration and 

only at 4.5 mg/ml the pores are not visible anymore. This trend is 

highlighted in Fig.3I, where the depth of the pores as a function of 

the PCBM concentration is plotted, showing also that the spinning 

speed itself can be used to tune the amount of PCBM deposited at 

nanometric level. These results clearly show that, during the spin 

coating process, PCBM molecules are selectively deposited inside 

the pores and that it is possible to control the degree of filling, and 

therefore controlling the vertical nanostructure, by modulating the 

experimental parameters. 

In order to extract quantitative structural information from the 

whole film thickness, grazing incidence X-ray small angle scattering 

(GISAXS) analysis was performed. GISAXS is a well established 

method to characterize the bulk nanostructure of ultrathin films
42

 

providing information on the size and shape of the nanostructured 

objects
43

 as well as on their mutual assembly,
44

 thus being perfectly 

complementary to pure surface techniques like AFM. 

In Fig.4a the experimental and simulated 2D GISAXS patterns of the 

silica particles monolayer are reported. The experimental pattern 

can be effectively simulated by considering a hexagonal array of 

nanoparticles having an average diameter of 147±6 nm. This low 

polydispersity gives rise to the numerous form factor hemi-circular 

rings around the reflected beam. The hexagonal arrangement leads 

instead to the formation of many the structure factor rods, whose 

length (see SI Fig. S1) is diagnostic of the presence of a 2D-ordered 

layer.
45

 

 

Fig.2. XPS wide scan (A), high resolution C 1s (B) and S 2p (C) scans of the nanoporous and flat P3HT films. The continuous red lines in the high resolution 

scans show the individual component of the peaks 
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Fig. 3. AFM height images of the nanoporous P3HT film filled at 1500 rpm with PCBM solutions of 1.5 (A), 2.2 (B), 3.0 (C) and 4.5 (D) mg/mL. AFM height 
images of the nanoporous P3HT film filled at 1000 rpm with PCBM solutions of 1.5 (E), 2.2 (F), 3.0 (G) and 4.5 (H) mg/mL. Depth of the nanopores measured 
from the AFM images as a function of the PCBM concentration for both 1500 and 1000 rpm spinning speeds (I).
 

It is finally worth to observe that the presence of higher orders 

structure factor rods are due to the large size of the 2D crystalline 

domains (around 10 μm
2
), demonstrating the effectiveness of spin-

coating as fast and easy method to obtain large 2D crystalline 

colloidal monolayer. 

Upon etching the silica particles, the GISAXS pattern drastically 

changes (Fig. 4B) and no form factor signal from residual silica is 

observed, thus confirming the quantitative removal of the silica by 

HF. The weak contrast between pores and the polymer, as well as 

the increased uncorrelated irregularities of the pores shape, cause 

the extinction of the pores form factor manifestation on the GISAXS 

image. On the other hand, the structure factor rods are kept, 

because the pores maintain the hexagonal packing. Since the 

incoming X-ray beam samples the whole film thickness, a careful 

analysis of the GISAXS pattern allows determining the position of 

the pores across the film thickness itself and, more importantly, 

whether the bottom of the pore is covered by the polymer or not. 

The best simulation of the pores pattern is obtained by simulating 

truncated spheroidal air nanoparticles, having a diameter of 40 nm 

and a height of 25 nm, embedded in a 25 nm P3HT thin film. This 

means that the bottom of the pore is in direct contact with the 

native silicon oxide and explains why the PCBM selectively goes 

inside the pores. Indeed, since the silicon oxide surface free energy 

is much higher than the P3HT one,
46

 the PCBM covers the residual 

exposed part of the substrate in order to minimize the overall 

surface free energy. The structural simulation also shows that the 

size distribution of the pores increases with respect to the silica 

particles (see Table 1), this is due to the inhomogeneous polymer 

coverage on the particle layer. This lack of homogeneity is mainly 

caused by the boundaries between nanoparticles ordered domains 

(see SI Fig. S2), where thicker P3HT layers are deposited. Finally, in 

Fig.4(C-F) the GISAXS patterns of the P3HT pores filled at 1500 rpm 

with different PCBM concentrations are reported. It is evident that, 

by increasing the PCBM concentration, the scattering signal 

decreases and the rods become fainter. This effect is highlighted in 

SI Fig.3, where the horizontal cuts of the pattern at Qz 0.028 Å
-1

 are 

reported: the pure porous P3HT film shows three structure factor 

rods while, by increasing the PCBM concentration, the signal 

becomes progressively weaker and, at PCBM 4.5 mg/mL, only a very 

weak first order is observed. The main cause of this effect is the loss 

of electron density contrast when filling the organic P3HT pores 

with another organic component. Moreover, the increased 

polydispersity given by the pores filling also contributes to the 

signal weakening (see Table 1). An excellent agreement between 

GISAXS experimental and simulated patterns was obtained by 

considering truncated spheroidal core-shell particles, having a 

PCBM core and an air shell, embedded in the polymer matrix. The 

employed shell structural parameters were identical to the empty 

pore ones and were kept constant. The optimal core position was 

found to be on the bottom of the shell, thus confirming that PCBM 

effectively and uniformly fills the pores. Furthermore, its sizes were 

found to gradually increase with increasing the PCBM concentration 

(see Table 1), as a result of the gradual filling of the pores. The 

results of these simulations do not show, upon the spreading of the 

PCBM component, any significant increase of the thickness of the 

porous matrix, confirming the selective filling of the pores by PCBM. 
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Fig. 4. Simulated (left) and experimental (right) GISAXS patterns of the nanoparticles monolayer (A), of the P3HT nanopores (B) and of the nanopores filled at 
1500 rpm from PCBM solutions of concentration 1.5 (C), 2.2 (D), 3.0 (E) and 4.5 (F) mg/mL. Above each GISAXS pattern the pictorial representation of the 
form factor employed for the simulation is reported. The red rectangle between the experimental and simulated patterns represents the beamstop. The 
experimental structure factor rods are highlighted by the yellow box to facilitate the vision. 
 

 

 

 

 

 

 

 

 

Table 1. Diameter and depth of the P3HT pores and the PCBM filling cores 
obtained from the GISAXS simulations. 

 

 

Conclusions 

 

We have reported a simple patterning methodology allowing to 

fully control the 3D nanostructures of polymer thin films. The 

method is based on the deposition of a nanoparticle monolayer 

that is used as a template to obtain nanoporous polymer films. The 

so-obtained pores can be then filled by a second component via 

spin coating and the degree of filling can be easily modulated by 

tuning the spinning speed and the concentration of the spread 

solution. This allows controlling with nanometre precision not only 

the in-plane nanostructure but also the out-of-plane one, and in 

turn the film chemical composition. We believe that our approach 

can be used to obtain fully controlled nanostructured polymer films 

enabling new experiments involving nano-confined soft matter. 

Moreover, the proper choice of the porous polymer and of the 

filling material will enable the preparation of a number of different 

3D nanostructured polymeric and hybrid devices with great 

potential in many applications including membranes, electronics, 

photovoltaics, optical coatings, catalysis and sensing, among many 

other examples.    

 P3HT 

pores 

PCBM 

1.5 

mg/ml 

cores 

PCBM 

2.2 

mg/ml 

cores 

PCBM 

3 

mg/ml 

cores 

PCBM 

4.5 

mg/ml 

cores 

Diameter 

(nm) 

40±6 20±6 24±6 32±9 40±12 

Depth 

(nm) 

25±1.5 7±1.8 10±2 20±6 25±6 
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A fully controllable interpenetrated 3D nanostructure is obtained by filling a nanoporous polymer ultrathin 

film with a second organic component. 
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