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ABSTRACT

We present results of a systematic study of the morphology of etched ion tracks in amorphous SiO2 

using a combination of small angle x-ray scattering (SAXS) and scanning electron microscopy. We 

focus on the analysis of SAXS data obtained in grazing incidence (GISAXS) configuration from conical 

etched channels with a base radius of less than 50 nm. Swift heavy ion irradiation of 2 m thick 

thermally grown SiO2 layers with 185 MeV Au ions was conducted at the ANU Heavy Ion Accelerator 

Facility in Canberra, Australia. Low irradiation fluences of 109 ions per cm2 were chosen to minimize 

overlap of the etched structures. Irradiated samples were etched in aqueous hydrofluoric acid (HF) with 

concentrations of 5 %, for etching times between 30 and 90 seconds. In grazing incidence configuration, 

we obtain good data quality from the very small cones, since the x-ray beam interacts with a greater 

proportion of the sample at the very low incidence angle compared with normal transmission mode. 
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INTRODUCTION

The increased susceptibility to chemical etching of regions of solids exposed to irradiation by 

high energy heavy ions was first recognised by Young [1]. Damage from recoiling fission fragments in 

ionic crystals could be etched and rendered observable by optical microscopy. The etched track density 

could then be correlated with that of the fission fragments the material was exposed to. As heavy ion 

accelerators became available in the 1960s and 70s it was soon discovered that etched ion tracks could 

be made in a variety of materials in a controlled way [2, 3]. Recently nanoscale pores generated by the 

ion track etching technique have been used for bio-sensing applications, where the tip of the pore is able 

to detect the passage of a single molecule [4-6]. Pores in materials such as SiO2 are very interesting for 

sensing applications because they are mechanically and thermally robust, providing the opportunity for 

direct integration with silicon technology [7]. 

Artificial membranes with nano-sized pores fabricated in dielectric materials have promising 

applications in biological and electrical sensing, filtration, and for novel electronic devices, due to their 

robustness and compatibility with standard semiconductor processing. Using the ion track etching 

technique, it is possible to produce conically shaped pores with tip openings as small as just a few 

nanometres, but the size of the openings can be very difficult to measure directly [8, 9]. To realise 

specific applications such as nanopore sensors, it is necessary to be able to accurately characterise the 

ion track etching behaviour. To address this we have conducted a systematic study of the etching 

behaviour of ion tracks in SiO2 [10]. Using small angle x-ray scattering supported by SEM imaging, we 

were able to accurately measure the track etch rates in both the lateral and radial directions, as well as 

the cone opening angles. In the previous study accurate characterisation was limited to cone radii at the 

base larger than 25 nm because of the very small scattering volume of the smaller pores. In this paper, 

we extend the results reported in [10] by using transmission SAXS in grazing incidence configuration 

(GTSAXS). In this configuration, it was possible to accurately measure cones with base radii smaller 

than around 25 nm because the x-ray beam interacts with significantly more conical pores due to the 

grazing angle. The increased number of scattering objects leads to a significantly improved signal that 
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enables accurate analysis. The grazing incidence configuration also avoids any attenuation or unwanted 

scattering of the x-ray beam from the substrate, further improving the signal to noise ratio of the detected 

scattering pattern.

EXPERIMENTAL

Sample preparation

Samples were prepared from commercially obtained 2 m thick thermally grown amorphous 

SiO2 (a-SiO2) layers on Si wafer substrates. They were irradiated at the ANU Heavy Ion Accelerator 

Facility with 185 MeV Au ions at room temperature normal to the sample surface to a fluence of 1x109 

ions cm-2. Samples were subsequently chemically etched for 30, 60 and 90 s at room temperature in a 

dilute (5% by volume) aqueous HF solution, yielding parallel, almost monodisperse conical etch pits in 

the SiO2 layer. The general conical shape of the etched pores was confirmed by SEM as shown in Fig. 

1.

GTSAXS measurement set-up

GTSAXS measurements were conducted at the SAXS/WAXS beam line of the Australian 

Synchrotron. Samples were mounted horizontally on a three-axis goniometer. In normal transmission 

SAXS configuration the conical etched ion tracks are aligned coaxially with the x-ray beam. In grazing 

incidence configuration, the conical etched tracks are oriented with their axes at approximately 90 to 

the x-ray beam. Figure 2 (adapted from [11]) shows the position of the sample with respect to the x-ray 

beam, with the incident beam shown as a red arrow. The transmitted part of the scattered x-ray beam 

which is utilised in this work is shown in pink. The part of the scattered beam indicated in green is the 

normal grazing incidence scattered signal. Measurements were performed with an x-ray photon energy 

of 11 keV with a sample to detector distance of 1240 mm. The incidence angle  was scanned from 0 

to 2 in increments of 0.1 to ensure the orientation of the sample was optimised.
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Scattering image analysis

Transmission mode SAXS has successfully been used to characterise cylindrical ion tracks in 

SiO2 [12, 13], and to characterise etched ion tracks in a variety of materials [10, 14-16]. The scattering 

amplitude recorded by the detector is related to the three-dimensional variation in the electron density 

of the sample. The general expression for the scattering amplitude is

𝑓(𝐪) =  ∭(𝐫)𝑒𝑥𝑝 ―𝑖 (𝐪.𝐫) 𝑑3𝑟         (1)

where (r) is the three-dimensional variation in electron density in the material. For etched ion tracks 

we assume a density profile in the radial direction with an abrupt transition from the etched region to 

the remaining material.  Provided the density inside the etched track is constant, the scattering amplitude 

for cylindrical etched ion tracks may be given as 

𝑓(𝑞𝑟) =   
2 𝐿 𝑅 ∆

𝑞𝑟
 𝐽1 (𝑅𝑞𝑟)          (2)

[12], where  is the density contrast between the etched region of the track and the remaining 

unetched material, L is the length of the etched track, R is the track radius, J1 is the Bessel function of 

the first order and the scattering amplitude, and  The scattering amplitude for a cylinder  𝑞𝑟 = 𝑞𝑥
2 + 𝑞𝑦

2.

may be used as an approximation for that of conical etched tracks provided they are small and well 

separated [10]. The reference frame we choose is fixed to the cone axis (z direction), and in normal 

transmission SAXS mode the etched ion tracks are coaxially aligned with the incident x-ray beam.

When the samples are mounted in GTSAXS configuration, the axes of the etched tracks are tilted 

by approximately 90 with respect to the x-ray beam. Under these conditions the half cone opening 

angle  may be directly obtained from the angle between features in the scattering pattern as shown in 

Fig. 3, and discussed in reference [17].   is related to the height of the cone, H, and the base radius of 

the cone R0, by equation 3. For the results presented in this paper, the radius values were obtained by 

analyzing the intensities using equation 2. 

R0 = H tan     (3)
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RESULTS AND DISCUSSION

Figure 1(a) and (b) are SEM images of conical etch pits in a layer of a-SiO2 which have been 

cleaved to show the cones in cross-section. This sample was etched in 5% HF for 90 seconds, and the 

conical shape of the etch pits can clearly be seen. In Fig. 1 (a) the sample is tilted with respect to the 

electron beam by 45 and etched conical pits which are randomly distributed and well separated can be 

seen on the surface. At the bottom right of the image circled in white, a conical etched pit can be seen 

in cross section on the cleaved edge. In Fig. 1(b) the same sample is oriented with the cleaved edge at 

approximately 90 with respect to the electron beam. At the centre of the image, circled in white, a 

close-up view of the cross section of a conical etch pit can be seen. While these images show directly 

that the shape of the etch pits is conical, they highlight how small they are. The vertical lines evident in 

the SiO2 layer are an artefact of the sample preparation and are most likely not due to ion track damage 

since they are not in line with the etched ion tracks. It is very difficult to obtain accurate measurements 

from the SEM cross section due to poor statistics, charging of the insulating sample, and artefacts 

resulting from sample cleaving. This is particularly relevant for the small cones in this study.

An example of grazing incidence small angle x-ray scattering (GISAXS) data showing 

transmission scattering from the same sample shown in Fig. 1 (a) and (b) is shown in Fig. 3. The dotted 

line across the image represents the horizon between grazing incidence scattering above the line, and 

transmission scattering below the line. The large blue rectangular shaped object in the centre of the 

image is the shadow of the beam stop which protects the detector from the intense reflected x-ray beam. 

Two pairs of streaks are clearly resolved in the transmission part of the image. The inset in Fig. 3 is the 

normal transmission mode scattering pattern recorded for the same sample. In comparison to the 

GTSAXS data, the scattering in normal transmission mode is very weak and no streaks due to scattering 

from the conical pores could be seen above the background noise.

1-D data fits obtained using equation 2 for three samples etched for 30, 60 and 90 seconds in 5% 

HF are shown in Fig. 4 and the results are summarised in Table 1. The results of the data fits are plotted 

in Fig. 5 (blue data points). The data points shown in red were previously measured by transmission 
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mode SAXS, and published in [10]. The data points measured using GTSAXS enabled us to extend the 

previously obtained results for the 5% HF etching series to very small conical etch pits with radii as 

small as 14.6  0.5 nm, for the shortest etching time of 30 s. 

Results from analysis of the GTSAXS data continue the linear trend exhibited by the previously 

published transmission mode SAXS results, as can be seen in Figs. 5 (a) and (b). The etch rates in the 

axial (a) and radial (r) directions may be deduced from the slope of the fits plotted in Figs. 5 (a) and 

(b) respectively. For the etching time series results shown in Fig. 5, a = 97.8  3.5 nm/min and r = 

17.8  0.8 nm/min, where the uncertainties are derived from the fit. In the radial direction, the y intercept 

is 5.7  1.8 nm, which compares well with the unetched ion track radius for 185 MeV Au ions of 54  

1 Å in a-SiO2 published by Kluth et al. [12]. The continued linear trend in the radius values as the etch 

pits get smaller is not necessarily expected since these dimensions are approaching the damaged region 

of the ion tracks. In this region the etching behaviour may no longer be linear as observed, with faster 

etching occurring close to the ion track in the radial direction.

The cone opening angles were measured directly form the scattering images as indicated by the 

angle  shown in Fig. 3. The measured results are plotted in Fig. 5 (c), along with cone opening angles 

previously measured by transmission SAXS (red data points). There is little variation in the measured 

cone opening angles with etching time. The larger uncertainty for the shortest etching time is due to the 

very weak scattering making it more difficult to accurately measure the angle between the streaks. 

For the study of etched ion tracks it is usual to choose an irradiation fluence of around 1x108 

ions cm-2 to ensure minimal overlap of the etched pores [18, 19]. Samples in this work were irradiated 

to a fluence of 1 x 109 ions cm-2. However, we found that there was not sufficient scattering volume to 

produce a scattering signal with features that could be analysed when the measurements were made in 

normal transmission mode, because the signal to noise ratio was too low. The scattering volume is 

proportional to the number of scattering objects in the path of the x-ray beam. For an x-ray beam spot 

size of approximately 100 (width) x 25 (height) m2 and an ion fluence of 1 x 109 ions cm-2, the number 

of pores covered by the footprint of the x-ray beam in normal transmission mode is approximately 2.5 
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x 104. In GISAXS configuration if the sample is inclined by 1 the footprint of the x-ray beam will 

increase to 100 x 1420 m2. The scattering volume is proportional to the number of pores illuminated 

by the x-ray beam and grazing incidence configuration effectively increases the scattering volume by at 

least 60 times. A further advantage of the GTSAXS technique is the ability to reduce or eliminate noise 

from scattering from the sample substrate. Due to the grazing angle the x-ray beam does not enter the 

substrate, resulting in much less background noise. Increasing the integration time in normal 

transmission SAXS mode is possible but the longer exposure times also lead to increased background 

scattering from the substrate making the scattering signal from the small cones difficult to resolve.

Despite the advantages of the GTSAXS technique for measurements of small cones, we are not 

proposing it as a substitute for more routine measurements of larger cones because the experimental set-

up is more complex and measurements are more time consuming. It is also not a good technique for 

measurements of very high aspect ratio conical etched tracks because the grazing angle may prevent the 

x-ray beam from interacting with the entire length of the etched tracks.
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CONCLUSIONS

In this paper we have demonstrated the use of GTSAXS for the accurate measurement of very small 

conical etch pits in SiO2. Using GTSAXS we were able to extend the range of the etched ion tracks we 

could measure by transmission mode SAXS to radii values as small as 14 nm. A further benefit of using 

the GTSAXS technique is that we can obtain the cone opening angle directly from the scattering image. 

Also, the analysis techniques used to extract the cone radius from the data are the same as those already 

established for analysis of ion tracks using normal transmission mode SAXS.
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TABLE 1. Parameters extracted from an etch time series of samples irradiated with 185 MeV Au ions 

and etched in 5% HF for the etching times indicated.
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TABLES

Table 1.

Sample etching 

time (s)

R0 (nm)  () H (nm)

30 14.6  0.5 12.5  2.0 76  5

60 22.7  2.0 12.0  1.0 125  5

90 35.7  2.0 12.5  1.0 191  5
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FIGURE 1. SEM micrographs of conical etched ion tracks in a 2 m SiO2 layer irradiated with 185 

MeV Au ions and etched in 5% HF for 90 seconds: (a) 35000 X magnification, inclined at 45 with 

respect to the electron beam, (b) 50000 X magnification with the sample tilted to 90 with respect to the 

electron beam. 

FIGURE 2. Schematic of GTSAXS configuration (after [11], reproduced with permission of the 

International Union of Crystallography).

FIGURE 3. Example of GISAXS data for a sample irradiated with 185 MeV Au ions and etched for 90 

s in 5% HF, showing the transmitted GTSAXS data below the dotted horizon line, and the normal 

GISAXS data above the horizon line. The inset is the transmission configuration SAXS data for the 

same sample tilted at 25 to the incident x-ray beam. 

FIGURE 4. Fits of GTSAXS data obtained using equation 2. The data have been off-set on the intensity 

axis for clarity.

FIGURE 5. Parameters extracted by GTSAXS (blue) together with those extracted by transmission 

mode SAXS (red data points previously published in [10]) for an etching time series for samples 

irradiated with 185 MeV Au ions and etched with 5% HF. (a) Etch depth vs etching time, (b) Radius vs 

etching time and (c) Cone opening angle vs etching time. The slope of the linear fits in (a) and (b) give 

the axial, a, and radial, r, etch rates. The black solid line plotted in (c) is a guide to the eye.



15

FIGURES
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Figure 2
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Figure 3
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Figure 4
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Figure 5


