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ABSTRACT: We report all-electronic coherent scattering-type scanning near-field 

microscopy (s-SNOM) using a terahertz-frequency quantum cascade laser. By 

exploiting the coherent self-mixing effect in these lasers, in conjunction with 

electronic frequency tuning of the laser, we demonstrate spatial mapping of both the 

amplitude and phase of the scattered field with deeply sub-wavelength resolution. 

We apply our technique for coherent microscopy of a phonon-resonant crystal. The 

extracted amplitude and phase parameters reveal clear contrast when compared to 

both metallic and non-resonant dielectric materials, and show excellent agreement 

with those calculated using a finite-dipole model of the near-field interaction between 

the s-SNOM tip and the resonant sample in the Reststrahlen band. Our technique 

paves the way for fast nanoscale-resolved mapping of the dielectric function of solid 

state systems and optoelectronic nanodevices at terahertz frequencies. 
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Terahertz (THz) frequency radiation offers unique capabilities for studying low-energy 

electronic and vibrational excitations in condensed matter systems.1,2 This has 

motivated the widespread uptake of THz technologies for the optical characterisation 

and spatio-temporal mapping of the bulk dielectric and magnetic properties of a broad 

range of materials including crystalline solids1,3 semiconductors,4–6 

superconductors,7,8 ferroelectric9 and ferromagnetic10 materials, and biological 

systems.11,12 The energy scales associated with THz radiation have furthermore 

enabled the exploration of a wealth of fundamental physical phenomena in nanoscale 

systems and low-dimensional quantum structures,13–15 as well as 2D materials and 

their combined Van der Waals heterostructures.16–18 The optical characterisation of 

such systems most commonly relies on optical measurements in the far-field of the 

sample. However, this approach intrinsically restricts such measurements to the 

ensemble sampling of physical properties averaged over the diffraction-limited optical 

beam size, which is typically >100 µm at THz frequencies. Crucially, this hinders the 

study of individual nanoparticles, nanocrystals or molecules, and furthermore limits the 

investigation of physical phenomena occurring over sub-wavelength length scales. 

In recent years there has been significant interest in the use of scattering-type 

scanning near-field microscopy (s-SNOM)19,20 to overcome the diffraction limit at THz 

frequencies. In this scheme incident radiation is strongly confined at the nanoscale tip 

of an atomic force microscope probe positioned in the near-field of the sample surface. 

By collecting the field scattered to the far-field the local dielectric properties of the 

sample can be probed with deeply sub-wavelength resolution. This powerful technique 

has enabled a host of THz measurements on the micro- and nano-scale, including the 

mapping of charge carriers in semiconductors and nanostructures,14,21,22 the 

microscopic investigation of quantum dots,23 metamaterials24 and nanoantennas,25 

and the spatial mapping of acoustic plasmons in graphene.18 

Yet one limitation of THz-s-SNOM is the weak scattering efficiency of the tip, which 

scales approximately as ~𝜆−4 and is extremely low at THz frequencies.  One means 

to address this issue is to employ a high power THz quantum cascade laser (QCL) 

source coupled with the high detection sensitivity afforded by laser feedback 

interferometry (LFI) based on the self-mixing (SM) effect in these lasers.26 In addition 

to remarkably low noise-equivalent powers at the ~pW/√Hz level,27 the LFI scheme 

offers the capability of sensing weak scattered fields via the laser voltage, without the 

need for any external detector. Moreover, the coherent mixing process between 

reinjected and laser cavity fields in the SM scheme offers the possibility of 

electronically capturing both the amplitude and phase of the scattered field. This self-

homodyne detection capability has been exploited to spatially map the complex THz 

permittivity of samples in far-field imaging28 and more recently in THz-s-SNOM.29 In 

the latter case, the amplitude and phase of the scattered field were resolved through 

mechanical extension of the optical beam path in a manner analogous to 

interferometric s-SNOM techniques employed at visible and infrared wavelengths.20,30 

However, in contrast to standard interferometric s-SNOM approaches in which a 

controlled phase delay can be introduced to the scattered beam path, the phase-



resolved LFI scheme requires a phase perturbation be imposed on both incident and 

scattered beams. In the case of mechanical scanning approaches this unavoidably 

results in optical misalignment and beam walk-off, which can be particularly 

problematic both for maintaining the incident beam focus at the nanometric tip and 

reinjection of the scattered beam to the laser cavity. Ultimately such considerations 

impose an upper limit on the phase delay, and hence the achievable phase resolution. 

Moreover, the reliance on mechanical scanning imposes a limit on the acquisition rate, 

despite the inherently fast (~ps) optical feedback response in THz QCLs.31 Indeed, 

fast electronic modulation schemes based on SM in THz QCLs have been 

demonstrated not only to enable faster acquisition in far-field imaging, but also to 

significantly improve phase stability owing to the associated reduction in slow thermal 

drift of the laser emission frequency.32  

In this work we report all-electronic coherent THz-s-SNOM exploiting the SM effect in 

a QCL. We apply our technique to coherent microscopy of a phonon-resonant crystal 

and demonstrate spatial mapping of both the amplitude and phase of the scattered 

field with deeply sub-wavelength resolution.  The extracted amplitude and phase 

parameters reveal clear contrast when compared to both metallic and non-resonant 

dielectric materials, and show excellent agreement with those calculated using a finite-

dipole model of the near-field interaction between the s-SNOM tip and the resonant 

sample in the Reststrahlen band. 

In our experiment a QCL incorporating a photonic lattice on the waveguide ridge was 

used as the laser source (see Methods and Figure 1). This laser provided single mode 

emission at ~3.44 THz that could be tuned continuously over a frequency range of ~1 

GHz through control of the driving current. The p-polarised radiation emitted from the 

laser was collected and focused to the 𝑅~25 nm apex of a scanning near-field 

microscope probe positioned in the near-field of the sample surface. In the s-SNOM 

arrangement the THz field is strongly confined at the tip apex and after interaction with 

the sample is scattered to the far-field. In our system this scattered field was coupled 

back to the QCL along the same optical path as the incident beam and reinjected to 

the laser cavity. The resulting SM signal was monitored through the QCL terminal 

voltage and demodulated at the n=1−5 harmonics of the tip tapping frequency (Ω~60 

kHz) using a lock-in amplifier.  By raster scanning the sample two dimensional images 

revealing the local dielectric properties of the sample in the near-field of the tip were  

obtained. Measurements performed using a gold-on-dielectric test sample revealed 

an imaging resolution ~125 nm, commensurate with the radius of the tip apex (see 

Supporting Information, Figure S1). 



 

Figure 1. (a) Scanning electron microscope image of the THz QCL device 

incorporating a finite-site photonic lattice etched in the waveguide ridge. (b) Emission 

spectra of the QCL obtained at different driving currents, showing emission on a single 

longitudinal mode that tunes electronically over ~1 GHz. (c) Experimental diagram of 

coherent THz-s-SNOM system in which radiation from the QCL is coupled to and from 

the tip of an AFM probe. LIA−Lock-in amplifier; LNA−Low-noise amplifier. 

 

To enable simultaneous measurement of both the amplitude and phase of the 

scattered field, and thereby capture fully, the coherent near-field interaction between 

tip and sample, images were acquired with the lasing frequency being tuned by 

~−17 MHz between successive raster scans of the sample. For each sampling position (𝑥, 𝑦) the frequency-controlled variation of round-trip phase in the external cavity of 

length 𝐿ext formed between laser facet and tip induces a series of interferometric 

fringes in the SM voltage given by (see Supporting Information): 

 

 𝑉SM(𝑥, 𝑦) ∝ 𝑠𝑛 cos (4𝜋𝐿ext𝜈𝑖𝑐 − 𝜙𝑛) (1) 

 

Here 𝑠𝑛 and 𝜙𝑛 represent the amplitude and phase of the fringes encoded within the 

nth harmonic of the voltage signal, 𝑐 is the speed of light, and the lasing frequency 

under feedback for each frequency step in the multi-spectral image, 𝜈𝑖,  is related to 

the frequency of the solitary laser through the transcendental excess phase equation. 

Inherent to this description is the assumption that the modulation amplitude 𝐴𝑡 ≪ 𝑐 𝜈𝑖⁄ , 

which is satisfied at THz frequencies even for large tapping amplitudes exceeding ~1 



µm. The laser response described by Equation 1 is closely related to that underpinning 

far-field coherent imaging, in which the amplitude, phase and shape of the SM 

interferograms recorded under optical feedback from a reflective target encapsulate 

the complex permittivity of the target material. In the near-field regime the signal 

parameters instead relate directly to the complex scattering efficiency of the modulated 

s-SNOM probe in the near-field of the sample, which in turn is dependent on the 

sample permittivity (see Supporting Information).29 

Coherent microscopy was demonstrated initially using a target comprising metallic 

features lithographically patterned on a SiO2 dielectric substrate (see Methods). Figure 

2 shows a series of multi-spectral images recorded from the n=3 harmonic signal with 

laser driving currents in the range 𝐼𝑖 = 562−588 mA, corresponding to 14 equally 

spaced unperturbed emission frequencies spanning ~-220 MHz around ~3.44 THz.  

Clear contrast between metallic and dielectric regions is observed, with the SM signal 

in each region swinging between positive and negative voltages in accordance with 

Equation 1, and attaining maximum (minimum) values when the round-trip phase 

equals even (odd) multiples of 𝜋. The interferometric fringes obtained from a series of 

images acquired with driving currents in the range 𝐼𝑖 = 554−604 mA (corresponding 

to a frequency span ~-415 MHz) are shown in Figure 3. Here the SM voltages for gold 

and SiO2 regions of the sample have been obtained by averaging the voltage signals 

recorded over representative regions of adjacent pixels from each acquired image.  

Also shown in this figure are fits to Equation 1 in which the amplitude 𝑠3 and phase 𝜙3 

are treated as free parameters. The amplitudes in turn are proportional to the feedback 

parameter 𝐶, which is also treated as a free parameter through the excess phase 

equation (see Supporting Information). The variation between the fitted curve and 

measured values in this figure is attributed in part to frequency drift of the laser 

between scans, arising from drift in the operating temperature. From these fits we 

obtain experimental values for the ratio of fringe amplitudes, 𝑠Au 𝑠SiO2⁄ = 8.4, and 

phase contrast 𝜙Au − 𝜙SiO2 = +5.0, along with the feedback parameters 𝐶 = 0.03 and 

0.24 for SiO2 and gold, respectively. 

 



 

 

Figure 2. (a) Atomic force microscope image and (b)THz-s-SNOM images of a Au/SiO2 

sample acquired at different laser driving currents, corresponding to a frequency 

tuning range ~-220 MHz. The image size is 30 μm × 20μm with a pixel size 1 μm × 
1 μm, and the acquisition time is ~120 s for each image. The colour scale in (b) depicts 

the demodulated SM voltage signal recorded at each pixel. The dashed boxes in (a) 

indicate the areas used to obtain the average voltage signals for Au and SiO2 regions. 

 

 

Figure 3. Self-mixing voltages 𝑉𝑆𝑀 extracted from the series of THz-s-SNOM images 

shown in Figure 2, for gold (red circles) and SiO2 (blue squares) regions of the sample. 



The solid lines show fits of the data to Equation 1, from which the amplitude and phase 

parameters of the interferometric fringes are determined. 

To elucidate the origin of image contrast in coherent s-SNOM images, we have applied 

a finite-dipole model to describe the near-field interaction between the tip and sample 

surface.33,34 This analytical model treats the tip as an isolated conducting spheroid 

whose apex is positioned close to a dielectric surface of permittivity 𝜀𝑠, and which is 

illuminated by a p-polarised plane wave 𝐸𝑖. The radiation scattered to the far-field from 

the modulated tip is given by 𝐸𝑠(𝑡) = 𝐸𝑖𝑠(𝑡)𝑒𝑖𝜙(𝑡) where 𝑠(𝑡) and 𝜙(𝑡) are the time-

dependent magnitude and phase of the complex scattering efficiency, respectively. 

Noting that the optical feedback coupling strength is proportional to this scattering 

efficiency it can be shown that the modulated SM voltage signal relates directly to 𝑠(𝑡) 

and 𝜙(𝑡).29 By decomposing the scattered far-field into a series of harmonics of the tip 

modulation frequency we thereby obtain a quantitative description of how the 

amplitude and phase of the SM fringes, 𝑠𝑛 and 𝜙𝑛, are dependent on the sample 

permittivity (see Supporting Information). In the case of gold and SiO2 the finite dipole 

model predicts contrast values 𝑠Au 𝑠SiO2⁄ = 9.0 and 𝜙Au − 𝜙SiO2 = +7.0, in excellent 

agreement with the experimentally obtained results. Indeed, near-zero phase 

parameters are expected for these non-resonant materials, with image contrast arising 

almost entirely from spatial variation of the scattering amplitude. It should be noted 

that the small but non-zero phase contrast predicted and measured here arises 

primarily from the finite conductivity and radiation resistance of the metallic tip rather 

than through the inherent optical response of the sample. 

In order to demonstrate the measurement of phase contrast arising from material 

properties of the sample, a polar KBr crystal exhibiting a phonon resonance at THz 

frequencies was studied.  Figure 4 shows the complex permittivity of KBr calculated 

using a single phonon oscillator model (see Supporting Information), along with the 

corresponding spectral variation of the scattering amplitude and phase, 𝑠3 and 𝜙3,  

calculated using the finite dipole model. The amplitude and phase calculated for gold 

are also shown for comparison. As can be seen, in the Reststrahlen band of KBr 

spanning from ~3.4−4.6 THz the scattered field is characterised by a large phase shift 

relative to the incident field, whereas the scattering amplitude attains a value 

comparable to that expected for a metallic sample. At the imaging frequency of 

~3.44 THz contrast values 𝑠Au 𝑠KBr⁄ =1.4 and 𝜙Au − 𝜙KBr =-25  are predicted.  

 

 



 

Figure 4. (a) Real 𝜀′(𝜈) (blue, left axis) and imaginary 𝜀′′(𝜈) (red, right axis) 

components of the complex permittivity of KBr determined from a single phonon 

oscillator model. (b) Magnitude and (c) phase (relative to the excitation field) of the 

complex scattering efficiency obtained for KBr (blue lines) using the finite dipole model 

with the sample permittivity shown in (a). Also shown in (b) and (c) are the amplitude 

and phase calculated for gold (red lines). The vertical dashed line indicates the 

imaging frequency lying within the Reststrahlen band of KBr. 

 

The interferometric fringes obtained experimentally for these materials are shown in 

Figure 5, along with fits of the data to the SM model described by Equation 1. The 

asymmetry of the fringes observed here arises from the larger feedback parameter 

attained in measurement of these highly-reflective samples, coupled with the non-zero 

linewidth enhancement factor of the laser, 𝛼LEF =2.2, which was determined from the 

fitting procedure. Although values of 𝛼LEF in the range ∼−0.1 to ∼0.5 are typically 

obtained for THz QCLs based on a bound-to-continuum active region, we note that 

values deviating significantly from this range have been reported elsewhere29,35 for 

active regions with phonon-assisted electron injection, such as that employed here. A 

larger magnitude of 𝛼LEF may also arise from the photonic lattice that acts as a 

feedback element in our laser device, such that lasing occurs at frequencies below the 

peak of the gain profile of the active region where a small 𝛼LEF  is typically expected. 

From the fits shown  in Figure 5 the contrast values 𝑠Au 𝑠KBr⁄ =0.9 and 𝜙Au − 𝜙KBr = 

-35 are obtained. In both cases these are in good agreement with the theoretical 

expectations, which again exemplifies the ability of our experimental approach to 

probe coherently the complex permittivity of materials.  The discrepancy could 

originate from the limitations of the electrostatic finite dipole model used here, which 

may adversely influence our theoretical expectations of the amplitude and phase 

contrast. In particular, this model does not account for the true geometry of the near-

field probe nor the excitation of antenna modes in the probe that are known to 

significantly influence the scattered field.36 Such effects are further compounded 

through dielectric loading of the antenna response by resonant samples such as that 

investigated in our work. The discrepancies could also originate from variations in the 

frequency tuning coefficient of the QCL across the operating range.37 Such 

nonlinearities are not considered in the fringe fitting procedure and could influence the 

phase extracted from the experimental data. Nevertheless, with a full and high-



resolution spectral characterisation of the QCL source the precise spectral behaviour 

could be readily incorporated in our model of the SM voltage signal. 

 

 

Figure 5. Interferometric fringes obtained for gold (red circles) and KBr (blue squares) 

regions of a Au/KBr sample, showing phase contrast arising from the TO phonon mode 

of KBr in the THz frequency band. The solid lines show fits of the data to Equation 1. 

 

In summary we have demonstrated all-electronic coherent scattering-type scanning 

near-field microscopy using a THz-frequency quantum cascade laser. By exploiting 

the coherent self-mixing effect in these lasers we are able to resolve both the 

amplitude and phase of the field scattered from the s-SNOM tip without reliance on 

slow mechanical scanning approaches to capture the interferometric data. We have 

applied our technique to coherent microscopy of a phonon-resonant crystal, allowing 

spatial mapping of the complex scattering efficiency with deeply sub-wavelength 

resolution.  The measured amplitude and phase parameters have been shown to 

agree with those predicted using a finite-dipole model of the near-field interaction 

between the tip and sample that incorporates the complex permittivity of the crystal in 

the Reststrahlen band. 

The acquisition rate in our system is currently limited by integration of the small ~µV 

signal arising from the weak field scattered from the nanometric probe with radius 𝑅~25 nm. Nevertheless, since the scattered field is expected to scale approximately 

as ∝ 𝑅2 we envisage significantly larger scattered fields could be achieved, albeit at 

the expense of imaging resolution, with broader probe tips. Specifically, a tip radius 𝑅~500 nm would permit a ~400-times reduction in integration time, opening up the 

possibility of implementing a fast frequency sweep of the laser.28 Alternatively, larger 

signals could be accomplished through the use of resonant antenna probes such as 

those developed for MIR frequencies,38 or through the use of THz QCLs offering 

enhanced self-mixing voltage signals.39 



In addition to offering reduced experimental complexity our approach is not susceptible 

to optical misalignment and beam walk-off, which can limit the phase delay introduced 

through mechanical scanning approaches. In this respect we note that the use of THz 

QCLs offering up to ~21 GHz continuous frequency tuning40 would permit the 

acquisition of >80 interferometric fringes in our system. QCLs providing broadly 

tuneable emission41 could also be readily implemented in our system, enabling the 

spectral variation of sample permittivity to be measured across the THz range. We 

also note this could permit the determination of absolute optical constants of samples 

through the use of appropriate calibration techniques.42 Our technique thereby opens 

the way for fast nanoscale-resolved mapping of the dielectric function of solid state 

systems and optoelectronic nanodevices at THz frequencies, with applicability to the 

non-invasive mapping of local strain, conductivity and doping concentrations.21,43 Our 

coherent near-field approach is also suited to probing the localised surface fields 

supported by individual micro-resonators, THz metamaterials and metasurfaces, 

thereby paving the way for the future design and optimisation of novel THz 

optoelectronic devices based on these subwavelength structures.44 

 

METHODS 

Sample fabrication 

A 100-nm-thick region of gold was defined on the SiO2 substrate using standard optical 

lithography and thermal evaporation. For the KBr substrate, due to its free solubility in 

water, the region of gold was defined using a mechanical mask formed from Kapton 

tape. 

THz-s-SNOM system 

The THz QCL device consisted of a 14-μm-thick GaAs/AlGaAs 9-well active region 

based on LO-phonon-assisted interminiband transitions, which was processed into a 

semi-insulating surface-plasmon ridge waveguide with dimensions of 1.8 mm × 150 

μm. To achieve lasing on a single longitudinal mode a 166-µm-long finite-site photonic 

lattice was patterned through the top contact layers using focussed-ion beam milling.37 

The lattice period was 13.2 µm with a 70% mark-space ratio and a central 8-μm-wide 

phase defect. Emission spectra of the device were measured using a Fourier 

transform infrared spectrometer with spatial resolution 7.5 GHz. 

The QCL was cooled using a continuous-flow L-He cryostat and maintained at a heat 

sink temperature of 20 ± 0.01 K. A dc current source was used to drive the laser with 

the SM signal derived from the laser terminal voltage following ×2000 amplification 

using an ac-coupled low-noise voltage amplifier. The length of the external cavity 

formed between the s-SNOM tip and the QCL facet was 𝐿ext = 60 cm. The s-SNOM 

system was a commercial neaSNOM system (neaspec GmbH) equipped with a high-

frequency Pt probe (25Pt200B-H from Rocky Mountain Nanotechnology). For 

measurements of the SiO2/Au sample a tip tapping amplitude of 25 nm and an 

integration time of 200 ms per pixel were used. For the KBr/Au sample an amplitude 



~160 nm and 300 ms integration time were used. Measurements were performed in 

an unpurged atmosphere with relative humidity ~50%. 
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