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Abstract 

 

Thin polycarbonate films were spin-coated on silicon substrates and subsequently irradiated 

with 1-GeV U ions. The ion tracks in the polymer layer were chemically etched yielding 

nanopores of about 40 nm diameter. In a second process, the nanoporous polymer film acted 

as mask for structuring the Si substrate underneath. Sputtering with 5-keV Xe ions produced 

surface craters of depth ~150 nm and diameter ~70 nm. This arrangement can be used for the 

fabrication of track-based nanostructures with self-aligned apertures. 

 

PACS: 61.80.Jh; 61.82Pv 
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Introduction 

The irradiation of polymers with swift heavy ions of MeV-GeV kinetic energy leads to the 

creation of cylindrical zones of strongly modified material formed along the ion trajectories. 

Such ion tracks have a typical diameter of a few nanometers whereas their length is adjustable 

by the beam energy and can reach several tens of micrometers or more. By far the most 

frequent application of ion tracks in polymers is linked to chemical etching which is based on 

the preferential dissolution of the damaged track material. In an appropriate chemical 

solution, the etch rate along the ion track can be orders of magnitude larger than the bulk etch 

rate of the surrounding matrix material [1]. Depending on the etching conditions (temperature, 

concentration, etching time, etc), the resulting pores have a size between a few tens nm and 

µm. Track-etched pores are also characterized by an extremely uniform size and shape. In 

many applications polymer films are either directly perforating or material is deposited into 

the track-etched pores [2-4]. The replication benefits from the same advantages as the 

template itself, i.e., adjustable areal density, pore monodispersity, shape tuning, excellent 

control of diameter and length, and thus access to a wide range of aspect ratios. Nanowires of 

many different materials have been fabricated in track-etched membranes including e.g., 

copper [5], gold [6], or even ferromagnetic multilayers (e.g. copper-cobalt [7]). 

The objective of this project is to prepare electrical contacts for individual conducting ion 

tracks in a diamond-like carbon and - based on a similar approach – the fabrication of self-

aligned field emission devices. The basic idea is schematically illustrated in Fig. 1. In both 

cases, etched ion tracks in a thin polymer film play a key role. The substrate is either a 

diamond-like carbon layer (Fig. 1a) or a more complex multilayer system. The diamond-like 

carbon layer (tetrahedral amorphous carbon (ta-C)) is insulating, but when irradiated with 

energetic heavy ions, conductive trails of less than 10 nm in diameter are formed [8-10]. 

Irradiating ta-C substrates or multi-layer systems with a thin polymer film on top with heavy 

ions leads to etchable tracks in the polymer self-aligned to the conductive tracks in the ta-C 
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substrate underneath (Fig. 1a). For crystalline Si and Cr a direct structuring with swift heavy 

ions is not possible, because both materials are insensitive to ions in the electronic energy loss 

regime.  

In a first step, the tracks in the polymer are developed into pores, which are subsequently 

filled with a metal either by thermal evaporation, sputter deposition, or electrodeposition. The 

metal-filling acts as electrical contact to the conducting track in the ta-C layer (Fig. 1a). 

Alternatively, the etched polymer pores serve as self-aligned apertures to access the 

multilayer system consisting of the ta-C substrate with an insulator and a metallic layer on top 

(Fig. 1b, polymer layer not shown). In this application, the tracks in the ta-C layer act as field 

emitters [11], and the insulating film together with the metal layer form the gate electrode. 

The aperture in the polymer represents a mask through which the insulator and the metal are 

locally removed e.g. by sputtering with a low-energy ion beam. 

This work focuses on the etching process of ion tracks produced in a thin polycarbonate film 

deposited on a substrate. As polymer, we selected polycarbonate because its track-etching 

properties are well known [12,13]. Instead of a multilayered substrate, we tested track etching 

of a polycarbonate film spin-coated on silicon.  

 

Experimental 

The samples consisted of small pieces of highly conductive n-type Si wafers covered with 

polycarbonate by spin coating. Before film deposition, the native oxide layer of silicon was 

removed by immersing the samples for about 30 s in hydrofluoric acid (10%). For spin-

coating, 3.2 g polycarbonate (100-µm thick Makrofol-N® foil, Bayer) was dissolved in 80 ml 

dichloromethane. The resist was dropped on the silicon substrate rotating with 1250 rpm 

leading to a 600 ± 50 nm thick film. The layer thickness was measured by means of 

profilometry (Dektak3ST surface profiler). All samples were examined with an optical 

microscope to exclude incomplete coverage and inclusions or dust particles. 
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The irradiation experiments were performed at the linear accelerator UNILAC at GSI 

(Darmstadt) with U ions of 1 GeV kinetic energy. The fluence was in the range of 5×108 to 

5×109 ions/cm2, which is sufficiently low to avoid significant pore overlapping after track 

etching. Earlier test experiments have shown that exceeding a fluence of about 1010 ions/cm2 

leads to a visible decomposition of the polymer film. The incident beam was perpendicular to 

the sample surface. When reaching the sample surface, the ions were at their equilibrium 

charge state adjusted by an aluminum degrader foil (0.01269 g/cm2) mounted in front of the 

sample. The projected ion range was close to 100 µm, i.e., the projectiles completely 

penetrated through the polycarbonate layer.  

After irradiation, the tracks in the polycarbonate film were etched in aqueous sodium 

hydroxide (5 mol/l) at room temperature (RT) using a typical etching time of about one hour. 

The etching results were controlled by means of scanning electron microscopy (SEM). To 

increase the contrast and avoid charging during SEM analysis, the samples were sputter-

coated with a thin gold layer of about 7 nm. 

After track etching, a selected part of the sample surface was exposed to a beam of 5-keV Xe-

ions in order to locally remove Si by sputtering, using the nanopores in the polymer film as 

mask. The process was performed at RT and under normal beam incidence applying a fluence 

of 1017 and 1018 Xe-ions/cm2. To avoid sample heating, the beam current density was limited 

to 2 ~ 3 µA/cm2. After sputtering, the residual polycarbonate layer was removed with 

dichloromethane and the subjacent silicon was examined with SEM and atomic force 

microscopy (AFM) in contact mode. 

 

Results and Discussion 

Track-etching produced nanopores in the polycarbonate layer (Fig. 2a) with a pore density 

which corresponds roughly to the irradiation fluence. The pore diameter (inner black contrast) 

scatters from 20 to about 50 nm with a mean value of 36 ± 8 nm (the real size is probably 
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slightly larger due to the sputtered gold layer). Assuming that the film thickness is not 

influenced by the etching procedure, the length-to-diameter ratio of the pores is 600nm/36nm 

≈ 17. We confirmed that the pores were completely etched through the entire polymer layer 

by peeling off the film from the Si substrate (Fig. 2b). On the rear side of the film, the pores 

seem to be larger and exhibit a much broader size distribution. Details could not be analyzed, 

because the film was stressed and strongly deformed during the stripping procedure. The very 

large holes of irregular shape result from overlapping of neighboring pores. It also should be 

noted that the uncovered silicon surface did not reveal any etching-induced ion-track effects, 

as expected. 

The result obtained after the sputtering process with 5-keV Xe ions is reported in Fig. 3 

showing an AFM image of the Si surface sputtered through the polycarbonate mask. Before 

recording this AFM image, the polycarbonate layer was peeled off (some residual polymer 

scraps remained on the Si surface visible as white spots). The sputter process has produced 

clearly visible cavities. Their oval shape is probably an artifact from the horizontal scanning, 

because by means of SEM circular-shaped craters were observed (cf. Fig. 4b). The number 

density of the craters is 5×108 cm-2 which corresponds to the number of pores in the polymer 

mask. This means that every pore in the polycarbonate film acts as nanometric mask aperture 

for the sputtering process. Due to the large curvature of the AFM cantilever used, the depth of 

the craters could not be estimated properly. For this purpose, a sample sputtered with a 

fluence of 1018 Xe/cm2 was fractured and the breaking edge was examined by SEM. As 

demonstrated in Fig. 4a, the depths of the cavities in the silicon can reach 150 nm. Using the 

SRIM 2006 code [14], the sputter yield for 5-keV Xe ions is 1.74 Si-atoms per ion resulting in 

a maximum sputter depth of 330 nm. The smaller crater depth observed in Fig. 4a is not 

understood but could result from redeposited sputtered material. At the Si surface the craters 

are round and have a mean diameter of 69 ± 8 nm (Fig. 4b). The crater diameter in silicon is 

similar to the pore size in the polycarbonate mask. However, a direct size comparison is 



 - 7 - 

difficult because the polycarbonate film is modified by the sputtering process. First of all, the 

uncoated polycarbonate surface did not charge during SEM analysis (acceleration voltage 30 

kV), probably because the Xe beam induced graphitization of the originally insulating 

polymer. Second, sputtering seems to enlarge the polycarbonate pores to 48 ± 6 nm for 1017 

Xe/cm2 and to 82 ± 9 nm (for 1018 Xe/cm2).  

 

Conclusion 

Thin polycarbonate films spin-coated on silicon substrates were irradiated with 1-GeV U ions. 

The ion tracks in the polymer layer were chemically etched yielding pores with a diameter of 

about 40 nm. In a second process, the polymer film containing the nanopores acted as mask 

for structuring the Si substrate underneath. Sputtering with 5-keV Xe ions produced surface 

craters of depth ~150 nm and diameter ~70 nm. The results clearly demonstrate that track-

etched nanopores in a thin spin-coated polymer layer can serve as structuring mask for the 

substrate layer below as e.g. required for the fabrication of nanodevices based on diamond-

like carbon. The irradiation fluence determines the crater density, and the pore diameter is 

adjusted by the track etching process. Nanoporous spin-coated polymer masks also open new 

opportunities for combining ion-track and silicon technology. This is of particular interest 

because silicon does not record ion tracks and is thus insensitive to structuring processes with 

swift heavy ions in the electronic energy loss regime. Further work will focus on the 

fabrication of a self-aligned field emission device and electrical contacts for graphite-like 

conductive ion track in ta-C. 
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Figures 

 

 

Fig. 1: Scheme of possible nanostructured systems based on chemical etching of ion tracks in 

polymer films on diamond-like carbon substrate (ta-C) either directly spin-coated (a) or 

deposited on top of a multilayer system (b). The etched pore can either be filled with metal 

serving as electrical contact to the conducting track in Ta-C (a) or alternatively represents a 

self-aligned aperture for a field emission device with built in gate electrode. 

 

 

Fig. 2 SEM image of ion-irradiated and track-etched polycarbonate film spin-coated on Si 

substrate. Chemical etching was performed in NaOH (5M, RT) for about 45 minutes: (a) top 

and (b) rear side of polymer film. 
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Fig. 3: AFM image of silicon surface after sputtering with 1017 Xe-ions/cm2 using the pores 

(5×108 cm-2) in spin-coated polycarbonate film as mask. For imaging the polymer film was 

removed.  

 

 

Fig. 4: SEM images of a silicon sample sputtered with 1018 ions/cm2 through a polycarbonate 

mask: (a) cross sectional view: the conical craters reach a depth of about 150 nm and have an 

opening angle of ~13°; (b) top view: Circular-shaped surface cavities with ~70 nm diameter. 

 




