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Abstract

:

This article reviews recent advances in terahertz science and technology that rely on confining the energy of incident terahertz radiation to small, very sub-wavelength sized regions. We focus on two broad areas of application for such field confinement: metamaterial-based nonlinear terahertz devices and terahertz near-field microscopy and spectroscopy techniques. In particular, we focus on field confinement in: terahertz nonlinear absorbers, metamaterial enhanced nonlinear terahertz spectroscopy, and in sub-wavelength terahertz imaging systems.
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1. Introduction


The terahertz (THz) frequency potion of the electromagnetic spectrum consists of light frequencies between 100 GHz and 10 THz, and uniquely bridges the worlds of ultrahigh frequency (UHF) electronics and photonics. This intermediate nature of THz light is inherently promising for applications to broadband communications engineering and spectroscopy. However, realizing this promise requires overcoming challenges in the generation, detection and manipulation of THz light [1]. Connecting the realms of UHF and photonics means that THz technology lives entirely in neither. THz photonics necessarily involves new hybrid technologies and is an endeavor as much in electronics engineering as it is in photonics engineering.



The past several decades brought much success in building this new field of THz photonics and THz research is now arguably entering a new era [2]. Terahertz wireless communication is quickly becoming viable [3]. Not only are methods for generating continuous wave and THz pulses now standard laboratory techniques but THz pulses with energies in the microjoule range and peak fields between 0.5 and 1 MV/cm are achievable in the lab [4,5,6,7,8]. THz nonlinear optics and nonlinear spectroscopy are now active and growing subdisciplines and the search is on for novel nonlinear materials and devices. One promising avenue for such devices is the field of metamaterials (MMs) engineering, originally used for microwave device engineering, but now applied across the electromagnetic spectrum.



MMs are composites made of sub-wavelength electromagnetic inclusions and respond to light at the design wavelength as a homogenous whole. In the design of nonlinear optics, the near-field properties of the MM inclusions are as important as the far-field response. Most nonlinear THz devices based on MMs or other plasmonic structures implement the nonlinear response by using subwavelength resonator inclusions to confine incident fields, coupling to and amplifying an underlying nonlinearity in either a substrate or material inclusion. Such enhanced THz nonlinearities have applications not just in nonlinear optics [9], but in enhanced sensing and nonlinear pump-probe spectroscopy as well [10].



Concurrently, the ability to enhance THz fields with free-standing metallic probes such as the tips used for scanning tunneling microscopy (STM) or atomic force microscopy (AFM) has also been widely exploited. In a similar way as for MMs, the THz field confinement at the apex of the tip can facilitate extreme nonlinear effects. Intense THz pulses directed onto a sharp metal tip have shown the ability to induce field emission of electrons [11] or even tunnel electrons across an STM junction [12], adding time-resolution to STM techniques where spatial resolutions of down to the sub-nm scale can be achieved in ultra-high vacuum conditions [13,14]. Staying below this extreme tunneling regime with less intense THz pulses, the field confinement of THz light at the apex of a tip has also been used to image samples with a spatial resolution much better than the diffraction-limit of a THz beam. Since diffraction limits the conventional THz imaging resolution to several hundreds of microns, the ability to image with a nanoscale tip apex has revolutionized the field of THz imaging. Today, the diffraction-limit has been beaten by more than four orders of magnitude.



In this paper, we review recent advances in the methods of THz field confinement (FC), focusing on these two broad areas of application: nonlinear THz devices based on MMs and THz near-field imaging techniques. Section 2 focuses on methods of FC involving MMs and their applications. In particular, we focus on FC in nonlinear MM absorbers and MM enhanced nonlinear THz spectroscopy. In Section 3, we then turn to FC when using metallic probes for high-resolution imaging at THz frequencies.




2. Field Confinement and Applications in Terahertz and Infrared Metamaterial Devices


2.1. Background


Interest in THz MMs originally focused almost entirely on far-field optical properties. These far-field properties, in particular the electromagnetic impedance and index of refraction of the MM, can be tailored by controlling the geometry and periodicity of the component inclusions [15]. Research at GHz frequencies initially focused on novel optical properties not found in nature, including the now famous results on perfect lensing [16], negative refractive index [17], electromagnetic cloaking [18], and memory metamaterials [19]. The MM idea spread quickly to higher frequencies, and THz frequencies were especially well suited to metamaterials research. Subwavelength inclusions for THz MMs could be fabricated using standard photolithographic techniques, and novel methods to develop THz optics and devices were needed to fill the THz gap [1]. Excitement grew as MM based absorbers and detectors [20,21,22], filters [23], wave plates [24], and modulators [25,26] appeared in the literature.



The ability of resonant MM structures to confine incident fields is critical to their application in nonlinear devices and below we provide a short review of the properties of MM FC and how it can be controlled and engineered. We then provide an overview of some keynote applications of MM FC within the fields of THz nonlinear optics and spectroscopy.



FC in THz metamaterials and plasmonics arises from inducing very highly localized charge or current distributions within the MM unit cell. Resonant inclusions such as the common split ring resonator (SRR) and its variants [27] support tightly confined charge distributions and high current densities are thus commonly used in nonlinear MM devices. A simple SRR can be made by cutting a small gap in a ring of conducting material. As a first approximation, the circular SRR can be thought of as a half-wave dipole bent into a ring shape. Incident radiation with a wavelength on the order of


λ=2L



(1)




where L is the circumference of the SRR that will excite a resonant current response in the ring. The resonant current density, in this fundamental mode, will follow a cosine distribution around the circumference of the ring given by:


j=jocos(πsL)e−iωt



(2)




where s is the arc length around the ring, measured from one end of the split gap to the other. Continuity of charge and current will thus require that an oscillating charge distribution build up on the ends of the split gap during the resonant excitation. This charge distribution, Q, oscillates 90° out of phase with the current and is largest near the edges of the split gap:


Q=Qosin(πsL)e−iωt



(3)







Thus, incident radiation at the resonance wavelength will induce a large charge distribution, positive on one end of the gap and negative on the other. The split gap thus acts as a small parallel plate capacitor, inducing a large confined electric field in the gap region that is proportional to the peak charge distribution, Qo, and inversely proportional to the length of the gap.



Alternatively, the SRR can be thought of as an LC resonant circuit. The split gap in the ring provides the primary contribution to the capacitance, C, and the ring’s self inductance determines L. The resonance frequency is thus approximately


f=12π1LC



(4)




corresponding to the same resonance wavelength as above in Equation (1). These simple models provide a good first approximation to the behavior of the circular SRR’s lowest order resonance, and insight into the physical origin of the confined electric fields in the structure. While applied here to a circular ring, this logic is approximately correct for SRR of more complicated geometries as well. If needed, more detailed eigenmode analyses can be used to model the behavior of higher order resonances [28], but for most field confinement applications, the lowest order resonance will suffice.



Figure 1a shows the spatial distribution of confine electric fields in a SRR inclusion. The gap capacitance and self-inductance of the structure determine the lowest order resonance, and are tailored to fall in this simulation near 1 THz. The simulation uses an incident THz pulse traveling into the plane of the page with an electric field polarized perpendicular to the split gap. This geometry excites the fundamental resonance of the structure and induces a large transient current around the SRR and a transient charge distribution on the edges of the split gap.



Figure 1a shows the transient electric field in one unit cell of the SRR metamaterial at the peak of the excitation, while Figure 1b shows the corresponding transient magnetic field peak. Notice the large electric field strength in the gap region of the SRR. The charge distribution on the edges of the split gap acts to confine the incident pulse fields, producing a transient “hot spot” of electric field. A similar effect occurs for the magnetic field, but in a separate region of the structure, near the regions of peak transient current, shown in Figure 1b. The confined electric fields can be up to 10× higher in magnitude than the incident field. In the frequency domain, on resonance components of the incident field can be amplified up to 100× in these regions. Although challenging, it is possible to quantitatively measure the local FC in a subwavelength resonator, for instance, via non-invasive electro-optic imaging techniques [30]. However, this step is not required for the design of MM devices requiring FC. Numerical simulations performed with standard commercial electromagnetics solvers can be used to adequately design and estimate the location and magnitude of the FC in most device designs.



With small enough gap regions, and an incident THz field of ~300 kV/cm, confined THz fields high enough to induce permanent mass transfer of the gold in the SRR (see Figure 1c,d) [30], and field electron emission [31] are possible. To date, there have been fewer applications of magnetic field confinement in THz metamaterials, as the electric field confinement is a much larger effect in the SRR due to the narrowness of the gap region. However, this is not a fundamental limitation. Modified resonator structures can be used to achieve optimized magnetic field confinement, including electrical complementary resonators [32].




2.2. Active Control and Turning of Field Confinement in Metamaterials


Active control and tuning of FC in metamaterials is also possible. Many of the methods used to the frequency response or bandwidth of MM devices, including active electrical tuning [33] and structural tuning via MEMs actuation [34,35], can also be used to modify the local electric fields in the unit cell. As an example, Figure 2 shows a proof of principle study on tuning the FC in the gap region of a SRR [36]. The SRR array is fabricated above an array of non-resonant gold conducting rings, which act to dampen the resonant response of the SRR. Laterally shifting the SRR away from its closed ring neighbor alters the oscillator strength of the resonance and notably changes the strength of the in-gap resonant electric field. Figure 2b shows that, as the lateral displacement of the SRRs increases, the on-resonance fields inside the SRR gap drops from near 100× the incident field strength to 60×. The ability to precisely control and tune field strength via the MM geometry is essential for applications to nonlinear THz devices and enhanced sensing and spectroscopic techniques. In the next section, we highlight several keynote results in the realm of THz MM nonlinear devices.



While the realization of nonlinear MMs at THz frequencies is a more recent phenomenon, the theoretical groundwork was laid much earlier and applications at microwave frequencies have been common for some time [37,38,39,40,41,42,43]. Implementations of nonlinear MMs require that the design of the unit cell include some kind of a subwavelength nonlinear element. At microwave frequencies or lower, this can be accomplished, for instance, by including diode/varactors [44,45,46], or deformable substrates [47] into the design of a SRR or other subwavelength inclusion. For many applications, this approach works well, and has allowed for engineering of a range of nonlinear phenomena including wave mixing [43], and second harmonic generation [48], an example of which is shown in Figure 3a.




2.3. Field Confinement Applications in Nonlinear Metamaterial Devices


For THz frequency applications, the size of subwavelength structures is approximately 10–100 µm, which makes use of nonlinear lumped circuit elements untenable for most applications. Instead, the primary method of implementing nonlinear THz MMs has been to use electric FC to couple incident THz radiation to a resonant nonlinearity in an underlying substrate or material inclusion. The FC acts to enhance the underlying nonlinear response, resulting in nonlinear behavior for incident field strengths much lower than needed to excite the same nonlinear effects without the presence of the MM. THz FC has given rise to materials exhibiting quintessential nonlinear phenomena, including THz second harmonic generation [9] and THz induced optical photoluminescence. An example of the latter, from the Huber group, is shown in Figure 3b [49].



With high field sources, it is possible to see nonlinearities due to FC in many common MM designs, and these nonlinearities can have large effects on the functionality of the device. For instance, the inset in Figure 3c shows an example of a nonlinear MM fabricated on an n-doped GaAs substrate, a substrate commonly used in actively switchable MM devices [50]. Incident excitations on the order of 50 kV/cm excite resonant nonlinearities in the GaAs substrate [51] that arise from inter-valley scattering of carriers [52,53]. Even higher incident fields, coupled with FC in the MM unit cell also induce impact ionization of charge carriers [51,54]. Thus, common active MM devices based on GaAs show a notably altered switchable response at higher incident field strengths. Figure 3c, shows that the modulation range of a switchable MM can drop to near 0 dB for incident THz excitations of >50 kV/cm, due to carrier scattering. The overall depth and strength of the resonant response changes at even higher field strengths, due to impact ionization induced by FC in the MM resonators. Such phenomena highlight the care that must be taken when designing MM devices for high field applications. Of course, the FC approach to nonlinear MMs can extend beyond the THz frequencies and into near infrared and optical applications as well. As shown in Figure 3d, Keren-Sur et al. recently demonstrated a device for nonlinear beam shaping of near IR light based on field confinement in nanoscale SRRs [55].



One promising application of field confinement in MM devices is in the field of absorbers and sensors. For many years, high Q factor resonances and confined fields of MMs have been used to enhance the response of detectors at THz and IR wavelengths and as a means of detecting amounts of trace chemicals [56,57,58,59,60]. Figure 4a,b shows a recent example of such a MM thermal detector for IR applications [61]. This example from Suen et al. [61] uses a MM to confine incident fields onto a piezoelectric layer. The piezoelectric material then responds more strongly to the confined fields compared to the incident signal, significantly reducing noise from temperature fluctuations. Additionally, the resonant nature of the MM also enhances the spectral selectivity of the detector (Figure 4b) without the need for any external filters or dispersive optics.



In particular, THz FC allows for the development of novel MM composites that function as THz saturable absorbers, which have important applications in mode-locked lasers and the generation of ultrafast light sources [64,65]. A MM nonlinear absorber is a type of MM perfect absorber [64], designed to have a power dependent absorption peak through the use of FC and nonlinear material inclusions. A MM perfect absorber is a device that minimizes both reflectance, r, and transmittance, t, at a particular frequency in order to produce a strong absorption band, A(ω):


A(ω)=1−|r(ω)|2−|t(ω)|2



(5)







The inset in Figure 4c shows a common unit cell design for a THz perfect absorber that operates in reflection [21].



The reflectance from the structure depends strongly on the resonance of the SRR array. The E field of incident THz radiation couples to the SRR fundamental mode via the capacitive gap, and dimensions of the SRRs are tuned to produce a resonant permittivity ϵ(ω) [66]. Simultaneously, the H field of incident radiation couples to the structure through the spacer layer between the SRR and the ground plane, producing a permeability μ(ω) with the same resonant frequency as ϵ(ω). On resonance, the electromagnetic impedance is nearly matched to that of free-space, and reflections from the MM drop to near zero at the resonant frequency ωo. The transmittance through the structure is necessarily zero due to the continuous gold ground plane and a high absorption peak forms near ωo. More details on the theory of MM perfect absorbers and some alternative approaches to modeling the absorption properties can be found in Watts et al. [66] Chen et al. [67], and Huang et al. [68].



A perfect absorber can be turned into a saturable absorber by coupling a nonlinear material inclusion to the confined fields inside the resonator elements of the absorber. This causes the absorption to become power dependent, with the peak absorption decreasing as THz power incident on the device increases. Several approaches have been used to make THz saturable absorbers. In Figure 4c,d, we highlight two such approaches. Figure 4c shows the response of a reflecting perfect absorber with an absorption peak designed for 0.45 THz. The nonlinear response arises directly from the SRR array, which is etched out of a superconducting YBCO film [62,69].



Superconductors have long been of interest for tunable and nonlinear MM devices due to their highly nonlinear material properties that can be tuned via a variety of avenues, including via controlling ambient temperature or via externally applied electric and magnetic fields [70,71,72,73]. The YBCO film conductivity depends strongly on both ambient temperature and the strength of the incident THz fields [74,75]. As the field strength of the incident THz pulse is increased, the resonant fields in the SRR induce very large localized current densities, which act to quench the superconducting state of the resonator [76]. The increasing effective resistance dampens the resonant response, which disrupts the impedance matching condition in the metamaterial and lowers the peak absorption. At T = 10 K, the absorption at the design wavelength saturates from 0.8 to 0.4 as the incident THz pulse field is increased from 40 kV/cm to 200 kV/cm. Although the overall change in peak absorption is smaller at higher temperatures, the saturation response is still measurable for all temperatures below the superconducting transition temperature of the YBCO SRRs. Of course, the main performance limitation for superconductor based saturable absorbers is the low temperature requirement. Even when using a High-Tc material such as YBCO, the transition temperature limits metamaterial functional temperatures to below approximately T = 90 K.



Figure 4d shows another example of a THz saturable absorber based on the reflecting perfect absorber design [62]. Notably, this device functions at room temperature conditions and the bulk GaAs substrate is etched away leaving only the MM perfect absorber elements on a flexible polyimide support (see inset of Figure 4d) that can conform to a variety of surfaces [21,77]. A second benefit of this design is the elimination of Fabry-Perot reflections from the absorber. Such reflections are a common limitation on the overall absorption and application of perfect absorbers designed to operate as reflecting elements.



The power dependent absorption in the device from Zhao et al. [63] arises from a small patch of GaAs placed within the SRR gap region. The confined electric fields of the gap induce impact ionization in the GaAs [51,54]. Increased carrier conductivity then dampens the SRR resonance and decreases the absorption peak at the design wavelength of 0.6 THz. Although the saturation response is smaller than in the previous example, the absorption peak still saturates by close to 15% of its value at low field strengths. Many applications of saturable absorbers, in particular active mode-locking techniques, only require a net change in absorption of 1–2%. Coupling THz saturable absorbers as shown here with recent advances in direct THz laser sources, such as quantum cascade lasers [78,79], one can imagine the future possibility of an actively mode-locked THz laser source.




2.4. Field Confinement Applications in Nonlinear Spectroscopy


Beyond nonlinear devices, MM and plasmonic field confinement has also contributed to new techniques in nonlinear THz spectroscopy [80] and we finish the MM section of this review with an overview of recent advances in this field. MM field confinement first made an impact in the study of the correlated electron material VO2, where the confined THz fields in a SRR array were used by Liu et al. to excite an insulator to metal transition in an underlying VO2 film [10]. The confined THz fields lower the overall potential barriers to charge carrier transport, inducing the phase transition. Uniquely, in this study, the MM resonator was also used to probe the phase transition. The VO2 conductivity increase results in a large dampening of the MM SRR resonance, clearly seen in spectroscopic measurements and pump-probe data.



It is generally accepted that the insulator to metal transition in VO2 is driven by electron-electron and electron–lattice interactions [81], but the role of lattice structural changes, while of high interest, is less well-understood [82,83]. Recently, this technique of MM-enhanced THz nonlinear spectroscopy has been extended to probe, on ultrafast timescales, the electronic nature of the VO2 phase transition simultaneously with the associated structural changes to the crystal lattice. Figure 5a,b highlights this work by Gray et al. [84]. As shown in Figure 5a, a VO2 film is patterned with long gold bars that act as a resonant MM system. Incident THz pulses are confined to the spaces between the gold bars and reach peak magnitudes of ~2 MV/cm. The confined fields excite the insulator to metal transition in the VO2 film within the gap regions of the MM structure. An optical pulse is then used to probe the electronic dynamics of the film, while a 7 keV X-ray probe (from the Linac coherent light source at the Stanford Linear Accelerator, Menlo Park, CA, USA) is used to probe the structural dynamics. Gray et al. [84] determined from this measurement that the phase transition is initiated by electronic dynamics, namely THz induced Zener-Keldish tunneling and Wannier-Stark band renormalization. A structural transition, as shown in Figure 5b, from an insulating monoclinic configuration to a metallic rutile phase follows the electronic transition on much slower time scales, and is caused by lattice heating due to currents induced by the confined THz fields.



THz FC has also been used to modulate photoluminescence from Cd-Se quantum dot (QD) structures. Electric field modulation of QDs is of interest as a basis for new tunable and actively modulated photonic devices. Active modulation of QDs with external electric fields has been reported previously [86,87], but dielectric breakdown for applied fields of 1–10 MV/cm limits experimental possibilities [85]. Recently, Pein et al. [85] used THz field confinement to overcome this limit. In this paper, gold bar MM antennas similar to those used in Gray et al. [84] are fabricated in a Cd-Se QD sample to confine incident THz fields to the gap regions between the bars. Figure 5c shows a schematic and photograph of this sample structure. Although the peak confined fields reach ~1 MV/cm, the threshold due to dielectric breakdown is significantly higher for THz frequency excitation. Thus, Pein et al. [85] were able to use an incident THz pulse to control QD properties without damaging the device. In particular, they were able to induce photoluminescence in their quantum dot samples solely due to the incident THz excitation. This photoluminescence is due to a THz induced Stark effect that bends the QD bandgap, as illustrated in Figure 5d.



Resonant slot antennas have also paved the way for new studies concerning high-field spectroscopy to induce nonlinear effects [88,89] and applications of FC for enhanced sensing of low-concentration samples. In contrast to dipole antennas and MMs, slot antennas have the advantage that a sample can be confined and measured only in the region where the electric field is enhanced [90], and the measured field enhancement (FE) can simply be estimated from a THz-TDS experiment on the slot antenna sample using


FE=|t(ν)|β



(6)




where β is the geometric fill factor, i.e., the area of the slot antenna divided by the area exposed by the THz beam for a single slot antenna [91] or the area of the lattice for an array of slot antennas [92]. The field transmission factor, t(ν), is simply Esample/Ereference for a free-standing metallic film of slot antennas, while for structure fabricated on a substrate such as typical Si wafer, Fresnel losses from this substrate should be included if referencing to a measurement without any sample in the beam path [92]


t(ν)=(nsubstrate+1)24nsubstrate·EsampleEreference.



(7)







When applying slot antennas for spectroscopy of samples deposited in to the slots, the high field enhancement also gives a dramatically increased absorption cross section, as illustrated in Figure 6a [93]. Having a single slot antenna resonant around 0.87 THz with a width of 50 nm, the THz absorption cross section is increased more than 10 times, which can be used to detect the presence of the widely used organic explosive (O2NNCH2)3, known commonly as “RDX.” Similar structures have also been used to sense other biomolecules such as pesticides [94] and sugar molecules [95]. Later, by performing an optical pump-THz probe experiment on the structure, the same research group also showed that resonant slot antennas fabricated on semiconductor substrates can reveal new information about the carrier dynamics in the surface layer of the substrate [96]. Here, they reported that the carrier lifetime of the substrate significantly decreases when decreasing the width of the slot antenna altering the carrier lifetime from that measured in the bulk substrate (see Figure 6b). For these structures to achieve nano-sized widths of the slot antennas, advanced fabrication methods such as e-beam or focused ion beam lithography are required. However, it has been shown that array structures can be optimized to achieve additional FC using lattice modes [97,98]. With this, slot antenna arrays with dimensions on the microscale can be optimized and fabricated with standard photolithography, where each slot antenna achieves a FC that is 60% larger than for an isolated slot antenna. As a compliment to the nano-sized structures, this offers an increasing potential for THz sensing with microstructures where lower fabrication cost or the larger width itself is preferred.



As can be seen from the examples outlined above, THz FC has made a large impact on MM research, opening up new avenues for nonlinear devices at THz frequencies and beyond, and providing new applications for MM structures in enhanced sensing and nonlinear studies of ultrafast dynamics. However, this is only part of the story. Concurrently, THz FC has also played a role in the development of novel techniques for sub-wavelength THz near-field imaging. In Section 3, we turn our attention to the remarkable developments that have taken place in this field.





3. Field Confinement for Sub-Wavelength Imaging at Terahertz Frequencies


3.1. Early Work in Sub-Wavelength THz Imaging


Sub-wavelength imaging has been of much interest in the THz community during the past decades since diffraction limits the spatial resolution of conventional THz systems to the order of hundreds of microns [99]. Given interest in using THz beams for studies of subwavelength structures such as MMs, integrated circuits, and biomolecules, this diffraction-limited resolution is far from sufficient [100].



Most approaches for sub-wavelength THz imaging are based on scanning near-field optical microscopy (SNOM) probes, which take advantage of FC of the THz beam at the apex of the probe to increase the spatial resolution. One of the first examples of this idea was reported by Hunsche et al. [101] using a standard THz spectrometer in combination with at tapered metal tip, as shown in Figure 7a. By scanning a test sample of subwavelength apertures, as shown in Figure 7b, they observed a spatial imaging resolution of 50 µm using THz pulses with an average wavelength of 220 µm, a resolution of λ/4.4. Similarly, FC with tapered waveguides and apertures was later demonstrated [102,103,104,105,106] yielding a “superfocus” of the size ~λ/260 at 0.1 THz [107]. The concept of tapered waveguides has also been used in combination with intense (~µJ) THz pulses generated from amplified lasers systems with kHz repetition rates [108,109]. The robustness of the tapered waveguides allows for simple manufacturing and material degradation, similar to that shown in Figure 1d, of the tapered material is less likely to happen. More sophisticated versions of tapered apertures for THz imaging have also been proposed, such as a metal-coated dielectric waveguide yielding a spatial resolution of 40 µm [110] or a tapered fiber consisting of a metallic wire array reaching λ/28 for the lowest frequencies around 75 GHz in a standard THz time-domain spectrometer [111].



Similar to tapered waveguides and apertures, tapered versions of standard photoconductive antennas (PCA) are also possible, offering near-field detection with a spatial resolution down to 5 µm [112]. Today, similar tapered PCAs are commercially available (Protemics GmbH).




3.2. THz Imaging with s-SNOM


Although the tapered apertures are an intuitive and simple solution that has moved the field of THz imaging from the mm- to the µm-scale, it is practically challenging to handle tapers at the sub-µm level. Additionally, theoretical considerations suggest that tapered waveguides, even in the most ideal of cases, are limited to resolutions near a few hundred nm [113]. Instead, “apertureless” SNOM techniques have successfully pushed optical microscopy to the nanoscale [114,115,116,117,118,119,120], which was first demonstrated for microwaves [121] and mid-IR light [122]. In 2003, SNOM with THz pulses was for the first time demonstrated by Hou-Tong Chen and co-workers, as shown in Figure 7c, who achieved a spatial resolution of 150 nm by imaging a silicon-gold grating (Figure 7d) [123]. Here, a metallic probe with a sharp tip serves as the near-field probe both due to the plasmonic FC below the tip and the tip’s ability to elastically scatter light off its subwavelength volume [124]. For this reason, this method is often referred to as scattering-type SNOM (s-SNOM). s-SNOM shows superior spatial resolution for non-contact optical imaging of samples with sufficiently high dielectric functions to obtain a scattered signal from a sub-wavelength volume. However, a major challenge in s-SNOM measurements is that typically most scattered light originates from places other than the region directly below the probe. Lock-in detection can efficiently suppress this background scattering, through oscillating the probe tip above the sample surface and locking to a harmonic of the oscillation frequency. The higher the harmonic is, the better are the background suppression and sensitivity to the near-field confined just below the tip and, ideally, the higher is the spatial image resolution. However, the trade-off is that the total measured signal strength decreases [125].



The more complex out-of-plane geometry of the s-SNOM setup coupling light from an angle to the tip of the metallic near-field probe means that the field enhancement at the tip is difficult to estimate. Typically, this is done with finite-element simulations, as shown in Figure 8. However, simulating the actual experimental conditions can be difficult. Often, it is unknown how large the actual tip diameter is, if the tip is contaminated, or the exact angle of incident light. Nevertheless, since the goal in most cases is to achieve a high image resolution, this is in practice measured by scanning over a sharp edge and comparing the line-scans of the AFM signal and the near-field signal. The field confinement can be estimated by approaching the tip to the surface and measuring the exponential increase of the scattered signal. Here, the 1/e-width of this signal is typically referred to as the field confinement of the field below the tip.



A key element of the s-SNOM techniques is that the tip not only confines and scatters the incident light, but also facilitates interaction of the light’s with the sample below the tip. The simplest model to describe this is the “Point-dipole model” considering the tip as a small polarizable sphere [125], while the more complex “Finite-dipole model” approximates the tip with a spheroid taking the elongated shape of the tip in to account [126]. This has later been used to further develop an analytical model for extracting material parameters such the dielectric permittivity from an s-SNOM experiment using a mid-IR light source with interferometric detection [127].




3.3. s-SNOM with CW and Pulsed THz Sources


For nanoscale imaging with continuous wave THz lasers at 2.54 THz, the technology of tapping-mode atomic force microscope (AFM) was adopted and combined with a well-engineered parabolic mirror system for both coupling light to and collecting scattered light from the tip (see Figure 8a). Here, Huber at al. performed electro-dynamical simulations to estimate the FC for a standard AFM probe used in this experimental configuration [128]. Field enhancements of up to 25 times were estimated in a radius of 30 nm at the tip of the probes (see Figure 8b). Using this FC, a sample of semiconductor transistors was imaged both with the AFM and THz nanoscopy methods (Figure 8c) as well as a mid-IR source with a wavelength of 11 µm for comparison (not shown here). While the AFM image showed an almost flat topography with no clear features, the THz nanoscopy image clearly resolved the seven transistors horizontally aligned in the top of the image. Here, the image resolution was 40 nm, significantly better than seen for other THz imaging near-field methods. Furthermore, the THz image also showed a contrast related to varying carrier concentration which did not appear in the mid-IR image for the same sample. This contrast is seen in the lower image of Figure 8c. The lighter blue region corresponds to a carrier concentration of ~1018 cm−3 while the darker blue region corresponds to a carrier concentration of ~1016 cm−3.



Since the manifestation of s-SNOM for THz nanoscopy, several results reporting new features in this regime have been published. Similar to the work presented by Huber and co-workers [128], reports using THz CW sources have shown new potential for studying THz frequency phenomena on the nanoscale [129,130,131]. For example, Degl’Innocenti et al. [131] demonstrated a compact solution for THz nanoscopy using a QCL as both a source and a detector in combination with an s-SNOM system. With this system, they performed imaging at 2.85 THz of a metallic photonic crystal structure with a plasmonic resonance at the imaging frequency, achieving a spatial resolution of 78 nm. Another recent study by Liewald et al. [130] presents a tunable CW option for nanoscopy from 0.5 to 0.75 THz. Here, the authors used the 54th harmonic of a synthesized microwave source as both the tunable THz source coupled to the s-SNOM system and a heterodyne detection of the back-scattered THz beam. With this microwave-based THz transceiver, the system offers “all-electronic control” of the s-SNOM including tunability of the THz imaging frequency.



THz s-SNOM has also been performed at the free-electron laser facility FELBE in Dresden, Germany [132,133], offering high power signals with broadband tunability. Here, the facility offers powers up to 10 W in a tunable range from 1.3 to 75 THz. With such high powers and tunability, the s-SNOM at FELBE offers spectrally resolved nanoscopy that is, at the moment, hard to obtain with the table-top systems discussed above. With this, THz nanoscopy has been performed up to 8.5 THz on gold nanostructures [132], where the imaging results are shown in Figure 9a–f. The AFM topography in Figure 9a shows a mixture of connected and isolated gold islands, and, while the s-SNOM image recorded at 1.3 THz referenced to the 2nd harmonic of the cantilever oscillation still contains some background signal from far-field radiation (Figure 9b), the 3rd harmonic signal is free from any background (Figure 9c). When observing an isolated and a connected gold region indicated as A and B, respectively, in a zoomed region (Figure 9d), the near-field of the connected region is much larger than for an isolated region as seen in (Figure 9e), which is due to the larger polarizability of the connected gold regions. For the brightest regions in the near-field image recorded at the 3rd harmonic, the spatial resolution was estimated to be 50 nm (Figure 9f).



Except for the first demonstration of SNOM in the THz range by Chen et al. [123], the nanoscopy experiments discussed above have all been carried out with CW THz sources. Nevertheless, several studies have also been published using pulsed THz sources [135,136,137,138], making possible nanoscopy measurements in time-domain [134,139]. With such a time-domain THz s-SNOM system, Moon et al. performed spatiotemporal imaging with a spatial resolution of 90 nm of a sub-wavelength grating structure (Figure 9g,h) [134]. Furthermore, they demonstrated that the gold grating structure could be measured, even though it was embedded in a dielectric film with a topographically flat surface (bottom layer in Figure 9h). For THz nanoscopy measurements, they found that the THz probe near-field was well-confined for the first harmonic of the demodulation frequency and did not improve significantly when referencing to the 2nd or 3rd harmonic. However, the 1st harmonic was much more sensitive to subsurface structure than the higher harmonics. This is in agreement with what has been observed in the mid-IR [140,141].




3.4. Variations of s-SNOM Configuration for THz Imaging


In addition to the conventional s-SNOM configurations used with a direct THz source, new variations of the technique have also been published. For example, Alonso-González et al. recently developed photocurrent nanoscopy, where the near-field under the AFM probe is measured directly by a graphene-based device [142]. While the experiment discussed here was carried out with a CO2 laser ranging from 2.52 to 5.67 THz, the same groups also demonstrated photocurrent nanoscopy with light sources in the infrared [143,144]. The graphene-based device heterostructure consists of a graphene layer encapsulated in two layers of hexagonal boron nitride (h-BN), which is placed on top of two gold electrodes (LG1 and LG2) capable of controlling the carrier concentrations, creating a sharp p-n junction in the graphene above the electrodes. The THz near-field is detected by a photothermoelectric effect in the graphene sheet. A local temperature gradient generated by the THz near-fields, producing a net electric current which is sensitive to the change in carrier concentration in the p-n junction. This net current is measured at the contacts fabricated on the sides of the heterostructure and referenced to the oscillation of the tip in a similar way as for an s-SNOM experiment. Figure 10b shows the photocurrent induced by the THz near-field at 2.52 THz where the spatial resolution was estimated to be 50 nm. As expected, the photocurrent was found to be highest in the center of the sample at the junction. Furthermore, the vertical oscillations in the photocurrent were attributed to THz induced graphene plasmons at the interface of the graphene layer and the upper layer of h-BN. The photocurrent oscillations were measured along the white dashed line for four different frequencies from 2.52 to 5.67 THz (Figure 10c). From these, the plasmon wavelengths were extracted and plotted as the red dots in Figure 10d. Interestingly, a linear dispersion is observed at low frequencies, which is in contrast to what typically is observed for free-standing graphene (solid blue line), thus the oscillating photocurrent for the heterostructure is attributed to acoustic plasmons. The images in this experiment also revealed that these acoustic plasmons were much more confined than for free-standing graphene yielding wavelengths approximately 12 times smaller. The direct electrical mapping of the optical THz near-field with such graphene-based structure with a linear dispersion is therefore a promising method for mapping photocurrents on the nanoscale.



Another technique for subwavelength imaging is Laser THz Emission Microscopy (LTEM) that relies on the fact that most semiconductors can intrinsically, or by applying an external bias, emit THz pulses when being photo-excited by fs laser pulses. Since these typically have wavelengths in the NIR, they can be focused to a diffraction-limited spot much smaller than THz frequency pulses, giving an improved imaging resolution by more than two orders of magnitude [145]. For example, integrated circuits have been imaged with a spatial resolution down to 1 µm [146], but the method has also been used to study physical processes in THz radiating materials [147,148,149,150,151,152] or processes on the surface of the radiating semiconductor [153,154,155]. Recently, the spatial resolution of LTEM was improved even further by implementing it in an s-SNOM microscope where a gold nanorod was imaged on a THz radiating InAs substrate (Figure 11) [156]. Here, the spatial resolution was estimated to be similar to the simultaneously recorded AFM image of approximately 20 nm.



Perhaps the most intuitive way to visualize this nanoscale LTEM experiment is to assume that a NIR near-field below the apex of the tip generates a THz signal from a nanoscopic volume in the sample whenever the oscillating tip is in close proximity of the sample. However, this explanation was ruled out by experiments that varied the polarization of the incident NIR beam relative to the probe tip. The red curve in Figure 11c shows that the NIR near-field signal dropped to zero when the polarization was turned from vertical to horizontal, as defined in the inset of Figure 11c. Interestingly, the THz near-field signal remained and even increased slightly. This increase suggests that the NIR near-field screens the THz signal. Additionally, it is well-known that the THz radiation from InAs has a minor dependence on the polarization of the incident beam due to the crystal orientation of the surface [157]. This was illustrated by a subsequent measurement where the LTEM signal is referenced to an optical chopper rather than the oscillation of the tip. This experiment showed that the nano-resolved LTEM signal is relatively independent of the NIR near-field signal. It was concluded that the tip acts as a nanoprobe, discriminating the THz radiation coming from a nanoscale region from a larger volume determined by the spot size of the incident NIR laser beam (~10 µm). It was possible to map areas screening the THz radiation with a spatial resolution on the nanoscale such as the gold structure seen above in Figure 11b. The method has a solid potential for imaging samples where the carrier mobility varies on the nanoscale including nanowires, carbon nanotubes and other semiconducting nanostructures. With the single NIR beam incident on the sample, the nanoscale LTEM technique offers a much simpler imaging configuration than nanoscale pump-probe experiments with s-SNOM, which have been carried out with mid-IR probe pulses [141,158].




3.5. AFM Probes for THz Nanoscopy


A technical challenge of using the s-SNOM technique in the THz range is that the measured signal critically relies on the dimensions of the tip. Obviously, the shank of the tip should be tapered down to a diameter of similar size as the desired spatial resolution, but the length of the tip also plays an important role, providing a resonance effect that enhances the detected signal [135,159,160,161]. In the THz range, this favors tips with lengths on the order of 100 µm to reach a λ/2 resonance. With a taper down to around 10 nm, such tips are both challenging to fabricate and fragile to use. A limited selection of commercial nanoprobes with lengths around 80 nm and tip apex radii down to 10 nm are available (Rocky Mountain Nanotechnology, Salt Lake City, UT, USA), and a thorough study of custom fabricated probes in the THz range was recently reported by Mastel et al. [160]. Here, six different lengths of tips from 17 to 78 µm were fabricated in an 80/20 Pt/It alloy, all with a tip apex diameter of 50 ± 3 nm. The near-field intensity at the tip apex for each length was studied in an s-SNOM setup with a CW laser at 3.11 THz (96.5 µm). The near-field signal is measured with the same THz graphene detector and photocurrent technique shown above in Figure 10. In Figure 12a, the measured photocurrents corresponding to the THz near-field for each tip length (blue dots) correlate well with numerical full-wave simulations performed for similar tip and sample structures with varying lengths (blue solid line). The simulations and experiments combined reveal that the two maxima correspond to the first (~λ/2) and second order (~λ) antenna resonances, although the position of these resonances are slightly lower than the theoretical value for the considered wavelength. This shift is related to the presence of the cantilever and the sample was studied further in Figure 12b. Simulated resonances for different configurations of the sample, tip, and cantilever system were compared to the resonance for an isolated tip (A). Here, it was observed that redshift of the antenna resonance peak depended only on the presence of the cantilever (B), while the presence of the sample only enhanced the resonances (C and D). Further simulations studied the effect of the graphene layer below the 9 nm hBN layer (C) on the tip resonance. This result was then compared to a simulation where the graphene layer in the sample was replayed by a Perfect Electric Conductor (PEC, D). Interestingly the PEC layer only results in only a slightly higher field enhancement (~20%) than the graphene layer, suggesting that the graphene layer acts similar to a PEC in the near-field of the tip.




3.6. Evolution of Sub-Wavelength THz Imaging


Overall, the study by Mastel and co-workers emphasizes the advantages of using resonant tips for s-SNOM, and technological progress in the fabrication of even longer metallic nanoprobes could offer even better imaging contrast at the lower frequencies in the THz range. From all the examples discussed above, it is clear that the usage of metallic tips in s-SNOM configurations or variations thereof has already revolutionized THz imaging, yielding now more than four orders of magnitude improvement in resolution. To emphasize this progress, we have collected in Figure 13 a selection of reports of imaging techniques that beat the diffraction limit and plotted improved spatial image resolution over time. The improvement of the diffraction limit is calculated as the image wavelength divided by the achieved spatial resolution. For experiments where standard PCAs are used as THz sources and detectors, the weighted mean wavelength is approximated to 299 µm (1 THz). All the tip-based approaches are collected under the name “Apertureless” adopted from the early reports using tips for near-field imaging [118,162]. In Figure 13, we see how the initial work on sub-wavelength imaging was driven by methods such as tapered apertures or waveguides [101,107,110]. LTEM [146] and near-field detection methods [112,163,164,165,166] moved THz imaging to the microscale, and the further push down to the nanoscale came with the implementation of the tip-based approaches in THz imaging systems [123,128,134,167,168]. For the sake of comparison, we have also included apertureless imaging reports in the mid-IR [141,169,170] and MW [121] as well as the stimulated emission depletion microscopy (STED), which first was developed by Hell and co-workers in 1994 [171], and for which the Nobel Prize in Chemistry was awarded in 2014. When strictly speaking about beating the diffraction limit or “super-resolution imaging”, the impressive mid-IR s-SNOM imaging results reaching 5 nm of spatial resolution using ultrasharp Tungsten tips with a diameter of 6 nm [170] still lie below the THz s-SNOM results due to the longer wavelengths of THz light. On the other hand, the first MW s-SNOM result by Knoll and Keilmann with its GHz light source [121] is by far superior to all other results discussed here.





4. Discussion and Conclusions


The works reviewed above constitute a brief summary of recent developments in two areas of THz science and engineering: nonlinear metamaterial devices and high-resolution near field nanoscopy. In particular, we highlight the central role played in this research by novel methods of controlling THz field distributions, in particular devices and techniques for confining THz fields on the microscopic and nanoscopic scales.



These results comprise only a subset of the impressive progress made in recent years in the field of THz photonics engineering. Of course, challenges in both nonlinear metamaterial devices and near-field nanoscopy remain. One significant challenge for nonlinear THz MMs is in the design of non-resonant nonlinear devices. Nonlinear THz MMs based on FC techniques have been, to date, dependent on an underlying resonant nonlinearity in the substrate material. Resonant nonlinearities inherently involve exciting electronic state transitions in the underlying substrate, and lend themselves well to effects such as saturable absorption. Thus, as shown above, the development of nonlinear absorbers via SRR field confinement has been exceptional. However, the design of nonlinear THz metamaterials exhibiting non-resonant nonlinear effects, such as a pure χ(3) response, has not seen nearly as much progress as similar lower frequency devices [40].



For sub-wavelength THz near-field imaging, nanoscale pixel sizes have been achieved using the s-SNOM techniques, where the spatial resolution scales with the size of the tip apex. With commercially available nanoprobes for THz imaging, and new impressive results yielding 5 nm resolution for mid-IR s-SNOM using custom Tungsten tips, it could be plausible to expect THz imaging resolution to continue down towards the Ångström level with the development of sharper tips. A main challenge in the THz range is to downscale the tip apex while keeping the resonant geometry unchanged. This means that the tip shank lengths still need to reach around 100 µm, while the tip apex is much thinner. While challenging, fabricating such tips might be possible. For instance, Pt/Ir alloys have shown to significantly improve the robustness and strength near-field probes compared to pure Pt. Other alloys or materials might also have potential for improving the robustness of the near-field probe itself as well as providing a higher field enhancement due to improved material properties and tailored geometry.



However, the downscaling of pixel sizes also calls for more sensitive methods than THz photocurrent nanoscopy for detecting THz signals in the far-field or directly in the near-field. Much work is currently being done on improving THz emitters and detectors, and this will surely impact the future high-resolution THz imaging systems, for both a better contrast and faster image recording.



To conclude, we believe these results highlight exceptionally well just how far the THz field has progressed. In only a few decades, the THz gap, to great extent, has been filled, and the field has now moved into new realms previously thought inaccessible to THz science. As THz science continues to progress, we expect even more exciting results in the not too far future. While the THz electric fields in the above results are quite tightly confined, the possibilities for THz photonics are surely not!
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Figure 1. Numerical simulations of the normalized peak (a) electric field and (b) magnetic field distributions in a split ring resonator excited by an incident THz signal. Electric fields are confined to the capacitive gap region, while magnetic fields are confined near the areas of high current density in the resonator. (c,d) Before and after pictures showing mass transfer of gold patterning in a metamaterial antenna structure. Mass transfer is induced by the highly confined resonant fields in the 1 µm thick gap region. Reproduced from [29]. 
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Figure 2. Example of structural tuning of field confinement in a split ring resonator. (a) Photograph of a metamaterial consisting of a SRR array below a closed conducting ring array. (b) Inducing an in-plane shift between the two layers, results in a 40% increase to the magnitude of the electric fields confined in the SRR gap. Reproduced from [36]. 
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Figure 3. Field confinement in nonlinear metamaterials. (a) A nonlinear metamaterial for second harmonic generation at microwave frequencies. A varactor in the SRR capacitive gap (lower right inset) gives rise to the nonlinear response. (b) THz induced optical photoluminescence due to field confinement in SRRs (low left inset). Reprinted with permission from [48,49]. Copyright 2011 and 2014, respectively, by the American Physical Society. (c) Actively tunable MM devices on GaAs (center inset) substrates show strong nonlinear responses due to high incident fields and field confinement. For high incident fields, the overall modulation range drops to 0 dB, due to nonlinear effects [50]. (d) Nonlinear MMs in the near IR can also be implemented using field confinement. Here, field confinement induces second harmonic generation of an 800 nm beam and beam shaping of the 400 nm output. Reprinted with permission from [55]. Copyright 2016 by the American Chemical Society. 
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Figure 4. Applications of high fields and field confinement in MM detectors and saturable absorbers. (a) A metamaterial/pyroelectric based IR detector with enhanced sensitivity due to field confinement in the resonator gaps, where a pyroelectric material responds to the local field [61]. (b) Plot of the absorption and response curve for the MM from (a). (c) A THz saturable absorber designed using superconducting MMs (see inset for schematic). The resonant fields in the MM couple the nonlinear response of the YBCO superconducting SRR to produce an absorption peak that depends on the incident THz power, as shown here. Reproduced from [62]. (d) Another example of a THz saturable absorber. Here, small GaAs patches are placed in the confined fields of a metamaterial resonator gap to produce a power dependent absorption peak. The device is fabricated on a flexible polyimide film (see inset) [63]. 
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Figure 5. (a) An example of THz fields confined using a MM structure used to excite a phase and structural transition in VO2. The THz induced structural transition is probed using a 7 keV X-Ray source. Reprinted with permission from [84]. Copyright 2018 by the American Physics Society. (b) The induced structural transition from M1 to R phases probed in (a). (c,d) Confined THz fields used to excite a quantum Stark effect and photoluminescence in Cd-Se quantum dots. Reprinted with permission from [85]. 
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Figure 6. (a) Resonant slot antenna achieving an increased absorption cross section when reducing the slot width on the nanoscale. Reprinted with permission from [93]. (b) Optical pump-THz probe experiment on slot antennas showing reduced carrier life time due to the surface sensitivity of this method. Reprinted with permission from [96]. 
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Figure 7. Early work of sub-wavelength THz imaging: (a) Imaging setup using a tapered metal tip and (b) the measured test sample showing 50 µm resolution at 220 µm. Reprinted with permission from [101]. (c) THz SNOM setup for imaging of a silicon-gold grating and (d) the resulting image with a spatial resolution of 150 nm. Reprinted with permission from [123]. 
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Figure 8. (a) s-SNOM setup using a THz CW laser at 2.54 THz; (b) electro-dynamical simulations of the FC for a standard AFM probe; and (c) the resulting AFM and THz image. Reprinted with permission from [128]. 
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Figure 9. s-SNOM images of gold islands measured with a free-electron laser at 1.3 THz: (a) AFM topography; (b) near-field image referenced to the 2nd harmonic; and (c) the 3rd harmonic. (d) AFM topography and (e) the 3rd harmonic near-field image of the zoomed region indicated in (d). (f) Line scan over the gold structure indicated in (e). Reprinted with permission from [132]. (g) Illustration of THz s-SNOM imaging of the embedded gold grating and (h) the resulting images of AFM topography, THz peak field image and corresponding waveforms along the white line (bottom to top). Reprinted with permission from [134]. 
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Figure 10. THz photocurrent nanoscopy: (a) Illustration of the experimental setup. LG1 and LG2 represent the split gates of gold used to control the carrier concentration in the graphene. (b) Photocurrent image recorded for 2.52 THz and with n1 = 0.77 × 1012 cm−2 and n2 = −0.71 × 1012 cm−2 set by LG1 and LG2, respectively. (c) Near-field photocurrent profiles for different frequencies recorded along the dashed line in (b,d) Experimental (red dots) and theoretical dispersion relations in the heterostructure (blue color plot), free-standing graphene (blue solid line), light line in free space (blue dashed line), and acoustic plasmons (dashed black curve). Reprinted with permission from [142]. 
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Figure 11. (a) Illustration of nanoscale LTEM (Laser THz Emission Microscopy); (b) AFM and nanoscale LTEM image referenced at the 2nd harmonic; and (c) polarization dependent signals of nanoscale LTEM signal (blue), the NIR near-field signal (red) and the LTEM signal referenced to an optical chopper when turning the polarization of the incident NIR beam as illustrated in the inset. Reprinted with permission from [156]. 






Figure 11. (a) Illustration of nanoscale LTEM (Laser THz Emission Microscopy); (b) AFM and nanoscale LTEM image referenced at the 2nd harmonic; and (c) polarization dependent signals of nanoscale LTEM signal (blue), the NIR near-field signal (red) and the LTEM signal referenced to an optical chopper when turning the polarization of the incident NIR beam as illustrated in the inset. Reprinted with permission from [156].



[image: Photonics 06 00022 g011]







[image: Photonics 06 00022 g012 550]





Figure 12. Resonant THz probes: (a) Measured THz near-field induced photocurrent as a function of antenna length (blue dots) together with full-wave simulation of the illustrated structure. The resulting simulations of the two resonances marked as the dotted black lines are shown below the plot. (b) Illustration and resulting field enhancements 10 nm below the apex as a function of length for four configurations: (A) free-standing tip; (B) tip with a cantilever; (C) tip with cantilever and graphene-based device as described in the text; and (D) tip with cantilever and sample device where graphene has been replaced by PEC. Reprinted with permission from [160]. 
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Figure 13. The development of sub-wavelength imaging methods over time. 
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