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Abstract: We describe the application of scattering-type near-field optical 
microscopy to characterize various semiconducting materials using the 
electron storage ring Metrology Light Source (MLS) as a broadband 
synchrotron radiation source. For verifying high-resolution imaging and 
nano-FTIR spectroscopy we performed scans across nanoscale Si-based 
surface structures. The obtained results demonstrate that a spatial resolution 
below 40 nm can be achieved, despite the use of a radiation source with an 
extremely broad emission spectrum. This approach allows not only for the 
collection of optical information but also enables the acquisition of near-
field spectral data in the mid-infrared range. The high sensitivity for 
spectroscopic material discrimination using synchrotron radiation is 
presented by recording near-field spectra from thin films composed of 
different materials used in semiconductor technology, such as SiO2, SiC, 
SixNy, and TiO2. 
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1. Introduction 

Photons with an energy in the range between terahertz (THz) to ultraviolet can induce a large 
number of light-matter interactions which can be exploited to gain information about various 
sample properties. Therefore, spectroscopic methods are nowadays widely used in different 
fields of physics, material science, chemistry, biology, and medicine. The achievable spatial 
resolution of these optical techniques is, however, limited by diffraction [1] to about half of 
the wavelength. This prevents to reach a lateral resolution below a few hundred nm when 
utilizing photons in the visible range, several microns in the mid-infrared (IR) range, and a 
few hundred microns in the THz range. This limitation can be circumvented by applying near-
field based techniques [2–4], such as scattering-type near-field optical microscopy (s-SNOM) 
[5–8]. This method, often based on the principle of an atomic force microscope (AFM), 
utilizes a sharp metal-coated or solid metal tip which is brought into close proximity to the 
sample surface. Subsequent raster scanning of the sample provides both topographic data and 
information about the optical properties of the surface with a significantly improved lateral 
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resolution when compared to conventional far-field techniques. For this purpose the near-field 
probe is irradiated by a focused photon beam. Under optimized conditions the illuminated tip 
acts as an antenna that confines the incident electric field around the tip-apex, thus providing 
a nanoscale light source for high-resolution imaging. Depending on the wavelength of the 
incident photons and by analyzing the scattered light with a spectrometer system, sample 
properties in the visible [9–15], IR [16–20], and THz [21–26] regime can be investigated with 
the additional benefit of a significantly improved spatial resolution. For wavelengths in the IR 
regime this technique has already been applied to many different sample systems, e.g. for 
mapping of free carriers in transistors [27], determination of doping profiles in semiconductor 
structures and nanowires [28], mapping of the composition of polymers [29–31] and 
biological samples [32, 33], measurement of strain fields due to small spectral bandshifts [34], 
and the excitation of plasmons in metal nanostructures and graphene layers [35, 36]. For IR 
spectroscopic characterization of samples with unknown material composition it is desirable 
to have radiation sources capable of covering a large frequency range in the mid-IR regime. 
Various radiation sources have been evaluated during the last years for near-field IR 
spectroscopy. This includes tunable gas lasers with a rather limited accessible spectral range, 
thermal sources [37, 38], quantum cascade lasers [39], and synchrotron radiation [40, 41]. 
Successful nano-FTIR measurements using synchrotron radiation were recently demonstrated 
on partially Au-coated SiC samples [42]. Yet, for a better evaluation of the capability of this 
approach additional experiments are required involving more challenging samples are 
required, which is subject of the present study. A recent study demonstrated the capability of 
this approach for characterizing biological samples [43]. 

In the present work, we report on high-resolution imaging and nano-FTIR spectroscopy 
using the electron storage ring Metrology Light Source (MLS) [44] as an ultra-broadband 
synchrotron radiation source. In order to demonstrate that the achievable lateral resolution is 
comparable to the results reported for laser sources, we performed near-field measurements 
on patterned semiconductor samples. Compared to conventional thermal sources, such as a 
globar, an electron storage ring provides a broad emission spectrum from the near- to the far-
IR as well as radiation with a defined polarization and higher brilliance as is advantageous for 
IR spectroscopy. The high sensitivity of this technique and its material discrimination 
capability are demonstrated by the acquisition of nano-FTIR spectra from materials relevant 
in semiconductor technology such as SiC, SiO2, TiO2 and SixNy. 

2. Experimental part 

The experiments described in the following were performed on a commercially available 
scattering-type scanning near-field optical microscope (Neaspec GmbH, Germany) consisting 
of an AFM and an asymmetric Michelson interferometer. The AFM was operated in tapping 
mode with a typical oscillation amplitude of about 50 nm. For the experiments Au-coated 
silicon-based AFM cantilevers with a resonance frequency between 76 and 263 kHz were 
used. The Au-coated tips had a diameter below 50 nm. 

The MLS is a low-energy storage ring (629 MeV electron energy) which is especially 
designed for generating brilliant far-IR and THz radiation [44]. In standard operation mode 
the MLS (ring circumference 48 m) is operated with 80 electron bunches providing a pulse 
repetition rate of 500 MHz with a bunch length of about 25 ps. The IR radiation is coupled out 
from the ring at a bending magnet by a planar water cooled mirror and guided to the 
experimental setup by several planar and cylindrical mirrors [45]. At the end of the beamline, 
where a diamond window separates the ultra-high vacuum from the ambient condition under 
which the s-SNOM is operated, the rectangular-shaped IR beam has the dimensions of 
approximately 25 mm (horizontal) and 10 mm (vertical). The measured power at a ring 
current of 100 mA in the wavelength range from 1 µm to 20 µm is about 1.95 mW. In order to 
match the aperture of the instrumental optics the beam size can be reduced to approximately 
10 mm (horizontal) and 10 mm (vertical) by using an arrangement of two parabolic mirrors. A 
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second periscope-like mirror arrangement converts the horizontal polarization of the 
synchrotron radiation into vertical polarization. The latter is more advantageous for s-SNOM 
experiments, since the electric field vector has a larger component parallel to the tip-axis thus 
increasing the electric field enhancement at the tip apex. The backscattered radiation from the 
sample is analyzed by a Michelson interferometer consisting of a reference arm with a planar 
mirror mounted on a piezo stage and a second arm containing the near-field probe and 
sample. Due to the relatively large size of the focused IR beam (about 80 µm in diameter, see 
inset Fig. 1) an illumination of the tip shaft and sample cannot be completely avoided, leading 
to a strong background contribution. For separating the intensive far-field signal from the 
relatively weak near-field contribution the interference signal is demodulated at the 2nd, 3rd, 
and 4th harmonics of the cantilever’s oscillation frequency Ω. This provides a signal with 
strongly decreasing background contribution for higher harmonics (n > 1). 

 

Fig. 1. Schematic diagram of the experimental s-SNOM setup using broadband synchrotron 
radiation in the IR regime from the electron storage ring MLS. The IR radiation is coupled out 
at a bending magnet and guided by several mirrors (not shown in the image) to the 
experimental setup. The focused IR beam has a diameter of about 80 µm (inset with an optical 
microscopy image). 

For the acquisition of the interferogram the mirror in the reference arm of the 
interferometer is translated over a distance of up to 800 µm. The Fourier transformation of the 
obtained interferogram as a function of the optical beam path provides the corresponding 
nano-FTIR spectrum. The signal is detected by a liquid nitrogen cooled Mercury-Cadmium-
Telluride (MCT) detector (Teledyne Judson Technologies, United States) with a sensitivity 
range from about 2 µm to 13.5 µm. 

The near-field imaging experiments were performed on a sample with rectangular SiO2 
patterns on a Si substrate. The SiO2 patterns had an edge length of 1.5 µm x 1.0 µm and a 
height of about 20 nm. The nano-FTIR spectra were recorded from a 6H-SiC bulk sample and 
different thin layers deposited on crystalline Si substrate such as 10 nm TiO2 (anatase), 30 nm 
SiO2 and 50 nm low-stressed non-stoichiometric SixNy. 

3. Results and discussion 

Since near-field microscopy is typically performed with monochromatic light sources, we first 
validate nanoscale focusing of ultra-broadband IR synchrotron radiation by performing high-
resolution near-field imaging on a semiconductor sample. For this purpose, the mirror in the 
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reference arm of the Michelson interferometer is placed at the white light position where the 
simultaneous interference of all spectral components leads to a maximum detector signal. In 
Fig. 2(a) a topography image and the simultaneously acquired optical image (2nd harmonic 
optical signal, in the following denoted as O2-signal) from the semiconductor sample are 
shown. The image has a size of 180 x 180 pixels with an integration time of 39 ms per pixel 
yielding a total acquisition time of about 20 minutes. 

 

Fig. 2. Topography ((a) and (c)) and corresponding optical images (O2-, O3- and O4-signal) 
((b), (d), (e), and (f)) obtained from a Si-sample with rectangular SiO2 structures. The 20 nm 
high SiO2 patterns with an edge length of 1 µm x 1.5 µm on (100) Si substrate appear bright in 
the AFM image and dark in the corresponding near-field image due to the stronger absorption 
of SiO2 compared to Si in the mid-IR range. The acquisition time for the scan is about 20 
minutes. The averaged current in the storage ring during the measurements was about 100 mA 
and the oscillation amplitude of the tip was set to about 50 nm. The red lines in (d) mark the 
position of the two scans (trace 1 and 2) shown in Figs. 3(a) and 3(b) while the scanning 
direction is indicated by the white arrows. 

The four SiO2 structures appear as bright rectangles on the Si substrate in the topography 
image. In the simultaneously recorded optical near-field image (Fig. 2(b)), the SiO2 structures 
appear optically dark. This contrast in the near-field image can be explained by the average 
refractive index within the wavelength range of the incident IR radiation, which is lower for 
SiO2 compared to Si substrate [38]. The results confirm that it is possible to obtain an optical 
image from the surface of a 6 µm x 6 µm large area of a semiconductor sample within a 
reasonable time and an acceptable signal-to-noise ratio up to the 4th harmonic (data not 
shown) by using synchrotron radiation. 
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Fig. 3. Line scans performed across a SiO2-pattern edge and some nanoscale particles on the 
flat Si surface. The first line scan (a) is performed across the edge of a rectangular SiO2 
structure (see Fig. 2(d), trace 1). The AFM- and optical signal (O2-signal) change at the pattern 
edge (SiO2 surface indicated by gray area) within a distance of < 40 nm. The averaged data 
obtained from 16 adjacent line scans across the same pattern edge are indicated by the dotted 
lines in the corresponding AFM and optical scan. The second line scan (b) illustrates the data 
obtained from three 5 nm to 10 nm height particles distributed over the plane Si surface (see 
Fig. 2(d), trace 2). According to the AFM and optical signals the distance between two 
adjacent particles is 60 nm and 66 nm. 

For demonstrating that a spatial resolution significantly below the diffraction limit can be 
achieved, we scanned a smaller area (2 µm x 2 µm) as indicated by the red squares within the 
topography and 2nd harmonic optical image (O2-signal). The obtained AFM and 
corresponding optical images (O2-, O3- and O4-signal) are presented in Figs. 2(c)–2(f). In the 
topography and the optical images not only the oxide patterns but also several small 
contaminations spread over the Si surface are discerned, which can be used for a more 
accurate estimation of the attainable spatial resolution. 
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For this purpose the AFM and O2-optical data are presented in the two line scans 
illustrated in Figs. 3(a) and 3(b). The exact position of the two line scans is indicated in the 
O2-image (Fig. 2(d)) by the two red lines. The first line scan (trace 1) in Fig. 3(a) contains the 
data obtained from a scan performed across a SiO2/Si edge. According to the optical data the 
O2-signal intensity increases during the scan over the SiO2/Si edge within less than 40 nm. 
The simultaneously acquired AFM signal changes also within a comparable small 
distance.The second line scan (trace 2) in Fig. 3(b) (position indicated by the red line in Fig. 
2(d)) presents the data from a scan across three particle-like structures located close to each 
other. According to the topography data the particles have a height of less than 10 nm and are 
separated by 60 nm and 66 nm, respectively. Despite their small size the O2-signal shows 
clear differences at the position of these three particles, demonstrating the high sensitivity of 
this imaging method. The achieved spatial resolution derived from the topography and the 
optical data is comparable, and hence, not determined by the wavelength of the incident 
radiation. Therefore, these results can be regarded as an experimental verification for the 
wavelength independency in near-field imaging using a scattering-type SNOM and a 
broadband radiation source that provides a much lower spectral energy density than SNOM 
experiments performed at a single wavelength with laser sources. Despite the use of the ultra-
broadband IR synchrotron radiation the achievable spatial resolution is mainly determined by 
the diameter of the tip apex. 

The main advantage of using broadband IR radiation, as used in the present study, is that it 
opens up the possibility to perform nano-FTIR spectroscopy over a wide frequency range. 
This enables the acquisition of near-field IR spectra from various thin surface layers or 
nanoscale structures. In order to demonstrate the high sensitivity and material discrimination 
capability of this technique, nano-FTIR spectra were collected from different samples, i.e. 
bulk materials (6H-SiC) and thin films (10 nm TiO2 (anatase), 30 nm SiO2, and 50 nm SixNy). 
For acquiring a FTIR spectrum the mirror in the reference arm of the Michelson 
interferometer can be moved over a distance of up to 800 µm. The light scattered from tip and 
sample is recorded together with the reference beam by a detector yielding, an interferogram 
as function of the optical beam path difference. The accessible frequency range is mainly 
determined by the sensitivity range of the MCT detector used for the measurements, limiting 
the spectroscopic information in the present case to the wavelength range from about 2 µm 
(5000 cm−1) to 13.5 µm (740 cm−1). Each recorded interferogram consists of 4096 data points. 
The acquisition time per data point for the investigated samples was between 32 ms (bulk 
SiC) and 203 ms (10 nm TiO2-layer). The interferograms collected from four different sample 
systems as a function of the optical path difference are presented in Fig. 4(a). 

The nano-FTIR spectra (2nd harmonic spectra, in the following denoted as S2 spectra) 
obtained from subsequent Fourier transformation of the corresponding interferograms are 
displayed in Fig. 4(b). In far-field spectra of SiC a broad band appears between 790 cm−1 and 
950 cm−1 [46]. The approach of the metal coated tip to the bulk SiC surface results in a strong 
enhancement and narrowing of the phonon induced spectral response [46] at about 920 cm−1 
[47] as shown in Fig. 4(b). The appearance of the longitudinal optical phonon mode at this 
frequency also confirms near-field signal detection. The other near-field IR spectra were 
acquired from thin surface layers consisting of SiO2, TiO2, and SixNy, respectively. SiO2 has 
also a strong near-field phonon resonance as indicated by the relatively long interference 
pattern in Fig. 4(a). The Fourier transformation reveals a peak at about 1132 cm−1 (Fig. 4(b)) 
in the corresponding near-field spectrum which is attributed to the SiO2 surface phonon 
polariton mode [27, 37, 48, 49]. Additionally, a wide shoulder appears at the low-frequency 
side and a second relatively small shoulder on the high-frequency side as also observed in 
recent s-SNOM studies [48, 50]. Compared to the far-field spectral response of SiO2 the near-
field phonon resonance is much sharper [47], as also observed for SiC. 
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Fig. 4. Interferograms recorded from SiC, SiO2, TiO2 (anatase) and SixNy. The corresponding 
nano-FTIR spectra obtained from a subsequent Fourier transformation. The interferograms 
(Fig. 4(a)) were acquired from different samples with various layer thickness: bulk 6H-SiC, 10 
nm TiO2 (anatase), and 30 nm thick SiO2, and 50 nm SixNy. The interferograms show the 
section from 200 µm to 500 µm of the optical beam path difference and were gathered by 
averaging four interferograms acquired successively at the same position. The nano-FTIR 
spectra (S2 spectra) from SiC, SiO2, TiO2 (anatase), and SixNy in (b) demonstrate the material 
discrimination capabilities of this method. (The near-field spectra of SiO2 and TiO2 were 
rescaled for better comparison. The numbers in the color of the corresponding curves and the 
gray bars indicate the position of the highest intensity.). 

In the spectrum acquired from the 10 nm thin TiO2 anatase layer the phonon resonance 
arises at about 844 cm−1. This corresponds to the longitudinal optical phonon mode that 
appears in far-field IR spectra in the wavenumber range between 835 cm−1 to 875 cm−1 [51]. 
With conventional far-field methods at perpendicular incidence this mode is typically very 
weak in the IR spectrum since the electric field has no significant component perpendicular to 
the surface of the TiO2 layer [51]. In contrast, for grazing incidence the electric field has a 
much larger nonzero component perpendicular to the surface, enabling a more efficient 
excitation of longitudinal optical phonons. According to the dipole model [3] the electric field 
distribution between tip and sample can be described by a vertically oriented point dipole. 
Therefore, the strongest field between tip and sample is also vertically oriented allowing an 
efficient excitation of the longitudinal optical phonon modes, which explains the experimental 
results. 
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The near-field spectrum recorded from a 50 nm thick, low stressed, non-stoichiometric 
SixNy layer deposited on Si substrate shows a relatively broad absorption peak between 810 
cm−1 and 1100 cm−1 with a maximum at around 926 cm−1. Upon deconvolution the broad peak 
can be fitted by three symmetric Gaussian bands at 849 cm−1, 912 cm−1, and 961 cm−1, which 
represent absorption states of the Si-N stretching mode [52–54]. Small band shifts in IR and 
Raman spectra can also be explained by the influence of stress as has been reported for SiC 
[34, 47] and other Si-based [55, 56] sample systems. 

 

Fig. 5. Intensity (a) and spectroscopic nanoimaging (b) using ultra-broadband IR radiation 
provided by the electron storage ring MLS. The intensity (S2 spectra) from the Si phonon band 
at 1135 cm−1 decreases within about 40 nm when performing a scan across a SiO2/Si edge (cf. 
Fig. 2(d), trace 1) as documented in the two insets in Fig. 5(a) showing the two nano-FTIR 
spectra from the line scan recorded from the SiO2 and the Si surface. The same spatial 
resolution is obtained from spectroscopic nanoimaging as derived from results shown in Fig. 
3(a). The spectral resolution is about 6.25 cm−1. 

In order to demonstrate nano-FTIR mapping and the achievable lateral resolution in 
nanoimaging using synchrotron radiation a scan was performed across a SiO2/Si edge as 
illustrated in Fig. 2(d) while recording 50 near-field IR spectra over a distance of 1000 nm. 
The obtained results are presented in Fig. 5. The intensity change during the scan within the 
wavenumber interval between 962 cm−1 and 1165 cm−1 is documented in Fig. 5(a). At the 
SiO2/Si edge the intensity of the SiO2 phonon peak at about 1135 cm−1 decreases to the noise 
level within a distance of about 40 nm. This is also illustrated in Fig. 5(b) showing the 
spectral change during the line scan. The intensive SiO2 phonon peak indicated by the red 
color (Fig. 5(b)) vanishes around the edge. In the Si area a very weak peak is still visible in 
the near-field spectrum (inset right side in Fig. 5(a)) which indicates a thin remnant SiO2-layer 
in this region. According to reference [50] a trace of the SiO2 phonon resonance can be 
observed also for layers as thin as 2 nm. Due to the relatively low signal-to-noise ratio in the 
spectra recorded during the line scan, the increase of the secondary peak on the high-
frequency side of the SiO2 peak was not observable. 
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The presented results clearly demonstrate that local material composition and properties 
can be probed with a spatial resolution at the nanoscale using broadband IR synchrotron 
radiation. The comparison of the results obtained from near-field imaging and spectroscopic 
nanoimaging show that a spatial resolution around 40 nm can be achieved. 

4. Conclusion 

In summary, we demonstrated synchrotron radiation-based near-field imaging of 
semiconductor structures with a lateral resolution of about 40 nm. The achieved optical 
resolution using ultra-broadband infrared radiation is comparable to the AFM resolution in 
topographic imaging, demonstrating the wavelength independence in near-field imaging. The 
main advantage of using broadband radiation source is the capability to acquire near-field IR 
spectra over a wide frequency range which is only limited by the sensitivity range of the 
detector and absorption of the optical components. The high sensitivity of nano-FTIR 
spectroscopy is shown to enable the spectroscopic characterization of thin films used in 
semiconductor technology. 
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