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Abstract—In the past years, it has been shown that s-SNOM 

(scattering-type scanning near-field optical microscopy) is a 

powerful technique to probe different light-matter interactions. 

Among them, charge carriers present different optical responses 

in the mid-infrared (MIR) and terahertz (THz) regions. Here we 

show that THz s-SNOM is highly sensitive to small changes in 

charge carrier concentration in a semiconductor, with spatial 

resolution at the nanometer scale.  

I. INTRODUCTION 

cattering-type Near-field Optical Microscopy (s-SNOM) is 

a powerful technique able to probe the local optical 

properties of different materials at the nanometer scale, 

overcoming the classical optical diffraction limit [1]. This is 

achieved by focusing electromagnetic radiation onto the tip of 

an atomic force microscope (AFM), operating in tapping-

mode at an oscillation frequency , which induces a near-field 

interaction between the tip apex and the sample surface due to 

a nano-antenna effect. The spatial resolution scales with the 

tip apex geometry rather than with the wavelength of light or 

illuminated spot size. By detecting the scattered light at higher 

harmonics of the tip frequency n and using interferometric 

detection to suppress the far-field background, both the near-

field (NF) amplitude (Sn) and phase (n) can be recovered 

[1,2]. Hence, s-SNOM can probe the local dielectric function 

of a material. This is of particular interest in semiconductor 

science and technology, where near-field microscopy enables 

the characterization of nanostructured conducting materials. 

The terahertz (THz) range is therefore a relevant spectral 

region to probe charge carriers in semiconductors, as the 

plasma frequency lies in this frequency range or above and 

strongly modifies the dielectric response. However, achieving 

nanoscale lateral resolution with high signal-to-noise ratio 

(SNR) with THz s-SNOM remains challenging [3,4], mainly 

due to the mismatch between typical AFM tip lengths (15-20 

m) and THz radiation wavelength (30 m - 3 mm). This 

issue can be circumvented by enhancing the scattering 

efficiency, which can be achieved by using AFM probes with 

longer tip shaft designed to operate in the THz range [5-10]. 

Here we demonstrate charge carrier profiling in a boron-doped 

Si sample with high SNR, sensitivity and nanoscale resolution 

for carrier concentration down to ~ 10
17

 cm
-3

.  

II. RESULTS 

The s-SNOM setup used in the experiments consisted of a 

neaSNOM microscope (Neaspec GmbH) with a Michelson 

interferometer configuration, operating both in the mid-

infrared (MIR) and THz ranges.  As laser sources, we used a 

tunable external cavity quantum cascade laser (QCL) in the 

MIR ( = 8.3 – 11.1 m, Mircat, Daylight Solutions Ltd.), and 

a CO2 laser-pumped methanol THz gas laser (FIRL-100, 

Edinburgh Instruments Ltd.) in the THz ( = 118 m, f = 2.52 

THz). The p-polarized laser source is focused on the apex of 

the AFM probe and sample surface by a parabolic mirror, 

which is also used to collect the light scattered by the AFM 

probe with the near-field information. This optical signal is 

combined with the reference beam and finally sent to a 

HgCdTe detector (Kolmar Tech. Inc.) for the MIR or to a 

pulse-tube-cooled InSb hot electron bolometer (QMC 

Instruments Ltd.) for the THz range. All optical signals are 

demodulated at n (Sn and n). Pt-coated Si AFM probes with 

different tip shaft lengths were employed to simultaneously 

acquire the sample topography and optimize the optical signal: 

L ~ 20 m in the MIR (Arrow NcPt, Nanoworld), and L = 70 

m in the THz (LProbe, Vmicro SAS) [5-10]. To access and 

map charge carriers at the nanometer scale, a sample 

consisting of nine 400 nm-thick boron-doped Si layers was 

investigated. The layers were grown by chemical vapor 
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Fig. 1. (a)  Schematic of the s-SNOM measurement setup and studied Maya 

sample, showing the Si doped layers. (b) THz s-SNOM line scan profile for 
the optical amplitude S3 (averaged over 32 lines), obtained for a laser 

wavelength of   = 118 m (2.52 THz). 



deposition (CVD) with a pyramid-like profile (hereafter 

referred as Maya) on a slightly p-type boron-doped (~ 7-10 

.cm) Si(001) substrate, and finally polished in the transverse 

section to obtain a flat sample [11], as shown schematically in 

Fig. 1a. The obtained THz s-SNOM line scan profile is shown 

in Fig. 1b for the amplitude signal S3 (third harmonic), 

averaged over 32 lines (using homodyne detection, without 

phase modulation [1]). As can be seen, a different optical 

contrast is obtained across the line scan, showing that the 

pyramid-like doping profile of the Maya sample is well 

resolved with nanoscale resolution. From layer 9 to layer 5 

(from left to the top of the pyramid in Fig. 1a), the dopant 

concentration changes from approximately 5x10
17

 to 4x10
19

 

cm
-3

. The doping is symmetric with respect to the top of the 

pyramid (layer 5), and the right side corresponds to the Si 

substrate [11], as shown in Fig. 1a. In Fig. 1b, the scan was 

performed between approximately half of layer 8 (1.7x10
18

 

cm
-3

) and the substrate, to prevent scanning over the sample 

edge. The obtained profile demonstrates that the optical 

contrast is related to the doping concentration and thus to the 

THz conductivity of each layer, even for small doping 

differences. Previous THz s-SNOM studies of low doping in 

semiconductors, already demonstrating the potential 

application of THz s-SNOM as a tool for characterizing 

conductivity at the nanoscale, probed carrier concentrations 

with a variation of at least one order of magnitude [3]. Here 

we show that, thanks to longer tips, the sensitivity in the THz 

range can even be improved to lower doping variation, while 

keeping a nanoscale lateral resolution and high SNR.   

III. SUMMARY 

In conclusion, we have shown that improved optical contrast 

can be obtained by optimizing probe geometry, enabling the 

characterization of low doping in semiconductors. THz 

nanoscopy is therefore a powerful, highly sensitive and non-

destructive technique to probe conductivity of semiconductors 

with nanoscale resolution, as well as to study a variety of 

physical phenomena in fundamental science and technology. 

 

ACKNOWLEDGEMENTS 

The authors are thankful for the financial support from the 

French National Research agency (ANR) under the program 

Equipex EXCELSIOR and the HYPSTER project (ANR-20-

CE42-0016). This research work has been partially undertaken 

with the support of IEMN fabrication (CMNF) and 

characterization (PCMP) facilities.  This work was partially 

supported by the French Renatech network. 
 

REFERENCES 

[1] X. Chen, D. Hu, R. Mescall et al., “Modern scattering-type scanning near-

field optical microscopy for advanced material research,” Adv. Mater., vol.  
31, pp. 1804774, 2019. 

[2] N. Ocelic, A. Huber and R. Hillenbrand, “Pseudoheterodyne detection for 

background-free near-field spectroscopy,” Appl. Phys. Lett., vol. 89, pp. 
101124, 2006. 

[3] A. J. Huber, F. Keilmann, J. Wittborn et al., “Terahertz Near-Field 
Nanoscopy of Mobile Carriers in Single Semiconductor Nanodevices,” Nano 

Lett., vol. 8, no. 11, pp. 3766–3770, 2008. 

[4] C. Maissen, S. Chen, E. Nikulina et al., "Probes for Ultrasensitive THz 
Nanoscopy," ACS Photonics, vol. 6, no. 5, pp. 1279–1288, May, 2019. 

[5] B. Walter, E. Mairiaux, D. Vignaud et al., “Terahertz near-field imaging 

using batch-fabricated cantilevers with 70 μm long tips,” 44th International 
Conference on Infrared, Millimeter, and Terahertz Waves, pp. 1-2, Paris,  

[6] T. Hannotte, L. Thomas, B. Walter et al., “s-SNOM imaging of a THz 

photonic mode,” 45th International Conference on Infrared, Millimeter, and 
Terahertz Waves, pp. 1-2, Buffalo, NY, USA, Nov. 8-13, 2020.  

[7] T. Hannotte, L Thomas, C. Nascimento Santos et al., "Consequences of 

antenna effects on s-snom imaging of a photonic mode", CLEO: Science and 
Innovations, p.p. SW2K.5, San Jose, United Sates of America, 2021. 

[8] C. N. Santos, L. Thomas, T. Hannotte et al., "THz s-SNOM Imaging Of 

Logarithmic Spiral Antennas," 46th International Conference on Infrared, 
Millimeter, and Terahertz Waves, Chengdu, China, Aug. 29 – Sep. 3, 2021. 

[9] L. Thomas, T. Hanotte, C. N. Santos et al., "Imaging of THz photonic 

Modes by Scattering Scanning Near-field Optical Microscopy", ACS Appl. 
Mater. Interfaces, vol. 14, pp. 32608−32617, 2022. 

[10] C. N. Santos, L. Thomas, T. Hannotte et al., "Split-ring resonators 

imaged by THz s-SNOM," 47th International Conference on Infrared, 
Millimeter, and Terahertz Waves, Delft, The Netherlands, Aug. 28 – Sep. 2, 

2022. 

[11] L. Michalas, F. Wang, C. Brillard et al., "Modeling and de-embedding 
the interferometric scanning microwave microscopy by means of dopant 

profile calibration", Appl. Phys. Lett., vol. 107, pp. 223102, 2015. 


