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Sub-wavelength resolution terahertz polarization-sensitive microscopy

based on solid immersion effect
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Terahertz (THz) technologies have many applications in medical diagnostics and therapy. Most are based on

effective medium theory, which assumes that biological tissues are optically isotropic and homogeneous over

the scales determined by THz wavelengths. Meanwhile, recent studies have shown the possibility of visualizing

mesoscale (∼ λ) tissue inhomogeneities using THz microscopy methods, where λ is the wavelength. In this regard,

the problem arises of studying the corresponding effects of scattering and polarization of THz radiation during

interaction with biological tissues, for which there are no suitable tools. To solve this problem, a polarization-

sensitive reflection-mode THz microscope based on the solid immersion effect has been developed. It uses a

silicon hemispherical immersion lens, a metal wire mesh polarizer and analyzer, a backward wave oscillator as a

continuous wave source at 0.6 THz (λ = 500 µm) and a Golay detector. This system makes it possible to study

the local polarization-dependent THz response of mesoscale structural elements of tissues with a resolution of

up to 0.15λ. Using the developed method, THz images of test media were obtained for two orthogonal states

of polarization of incident THz radiation, which made it possible to identify their THz birefringence (structural
optical anisotropy). The structural anisotropy of the THz response of porous biomorphic silicon carbide ceramics

is considered. Refractive index distributions of freshly excised rat brain were obtained, where the most pronounced

THz birefringence is observed in the Corpus callosum, formed by oriented and densely packed axons connecting the

cerebral hemispheres. The obtained results show the perspectives of applying THz polarization-sensitive microscopy

in biophotonics and medical imaging.
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Introduction

Various methods of terahertz (THz) spectroscopy and

imaging have progressed rapidly in recent decades [1,2].
They are currently applied in various branches of science

and technology [3,4], including diagnosis of neoplasms [5,6],
diabetic foot [7], traumatic injuries [8], burns [9], and

tissue vitality [10] and hydration [11]; monitoring of scar

healing [12] and transdermal drug delivery [13]; and therapy

of malignant and inflammatory diseases [14,15]. Most of

these applications are based on effective medium theory,

which assumes that biological tissues are optically isotropic

and uniform over THz wavelength scales [16,17]. The

THz response of such tissues is characterized by relaxation

models of complex permittivity and is (largely) determined

by the content and state of water in tissues [18,19].

However, recent studies have revealed the possibility of

visualization of mesoscale (∼ λ) tissue inhomogeneities via

THz microscopy [3,5,16]. Thus, the problem of study of

THz wave scattering in such tissues and the associated

polarization effects arises [20].

For example, the authors of [21–24] reported on the use

of a polarization-sensitive diffraction-limited THz imaging

system for the examination of skin and colon tumors.

The aim of these studies was to analyze changes in the

polarization of THz radiation occurring during its interaction

with tissues. Although the observed depolarization of

incident linearly polarized THz radiation is useful for dis-

tinguishing healthy tissues from neoplasms, this effect can-

not be characterized within the above-mentioned effective

medium theory. Owing to the diffraction resolution limit,

the mentioned THz polarimetry methods do not provide
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accurate data on the driving forces behind the observed

depolarization sub-wavelength and mesoscale scatterers in

tissues. A multi-configuration THz ellipsometry system,

which expands the capabilities of skin tissue analysis using

diffraction-limited pulsed THz spectroscopy, was discussed

in [25,26]. Combined with a comprehensive model of

the interaction of THz waves with the skin, it allows

one to quantify the THz response of both the stratum

corneum and the epidermis. Specifically, birefringence in

the stratum corneum, which is induced by its structure, was

revealed.

Various methods of high-resolution near-field THz mi-

croscopy were used in [27–33] to visualize sub-wavelength

structural elements of tissues, including individual cells.

Specifically, our group has designed a THz microscope,

which allows for quantitative assessment of the THz optical

properties of an object, based on the solid immersion effect

for imaging of soft biological tissues with a resolution of

0.15λ. This instrument provides high energy efficiency due

to the lack of any sub-wavelength probes or diaphragms

in the optical circuit [2,34] and allows one to study the

spatial distribution of optical properties and water content

over the surface of the examined tissue [35]. It was used

to analyze mesoscale inhomogeneities of various tissues

(breast, tongue, brain, and pericardium [34–38]); notably,

the observed inhomogeneities may induce scattering of THz

waves and associated polarization effects [5,20] .

The necessity of studying the effects of interaction of

THz radiation with heterogeneous tissues and adapting the

theory of radiation transfer to their characterization was

demonstrated. A large number of polarization-sensitive

systems capable of examining scattering biological tissues

in the visible and infrared ranges are available [39–46],

but virtually no systems operating in the THz range

are known. To solve this problem, a polarization-

sensitive microscope based on the solid immersion effect

with a resolution of 0.15λ, which utilizes a metal wire

mesh polarizer and analyzer, a backward wave oscilla-

tor (BWO) acting as a source of continuous radiation

at a frequency of 0.6 THz, and a Golay detector, was

designed. The developed method was used to obtain

THz images of test media for two orthogonal states of

polarization of incident THz radiation, which revealed

THz birefringence (structural optical anisotropy) of these

media. Refractive index distributions of freshly excised

rat brain were also plotted to demonstrate the structural

optical anisotropy of tissues. The most pronounced

THz birefringence was observed in the corpus callosum,

which is formed by oriented and densely packed axons

connecting the cerebral hemispheres. The obtained results

highlight the application potential of polarization-sensitive

THz microscopy based on the solid immersion effect in

various fields of optics, biophotonics, and medical imag-

ing.

Experimental setup

Figure 1, a presents the diagram of the polarization-

sensitive THz microscope based on the solid immersion

effect, which has been discussed earlier in [47]. This micro-

scope uses a BWO (Prokhorov General Physics Institute,

Russian Academy of Sciences) as a source of continuous

radiation with a frequency of 0.6 THz (λ = 500µm) and

a Golay cell as a THz radiation power detector. BWO

radiation is modulated at a frequency of 22Hz using

a mechanical modulator for subsequent detection by a

synchronous detector. A 1× Kepler telescope with a sub-

wavelength metal diaphragm in the intermediate focal plane

is used for spatial homogenization of the THz beam (over
the aperture).
An original THz optical system based on the solid

immersion effect and operating in reflection-mode is the

key element of the microscope. It features a wide-aperture

aspherical singlet and a hemisphere made of high-resistivity

float-zone silicon (HRFZ-Si), which serves to increase

spatial resolution [34]. This hemisphere, in turn, is formed

by a rigidly fixed hypo-hemispherical lens and a movable

flat window on top of which the object is placed. This

composite hemisphere design provides an opportunity to

image amorphous objects and soft tissues by scanning

them with a focused THz beam. These two mechanically

independent elements are in contact and form a single

optical element: an HRFZ-Si hemisphere with a refractive

index of nSi = 3.415. A focal spot of sub-wavelength size

is formed at a short distance behind the hemisphere in

free space. Figures 1, b, c present the results of evaluation

of the spatial resolution of the microscope by imaging a

metal half-plane with a stepwise change in reflectance for

two orthogonal polarizations. The normalized resolution of

the microscope reaches ≈ 0.15λ [34] and depends, to some

extent, on the optical properties of the object [35].
The BWO beam is polarized weakly in the vertical

direction (EBWO); the degree of polarization is ≃ 0.7.

Figures 2, a, b show the metal wire mesh polarizer produced

by the Prokhorov General Physics Institute of the Russian

Academy of Sciences. The metal mesh is stretched over

a frame in free space. This mesh is formed by an array of

tungsten wires with a diameter and period of 15 and 50µm,

respectively. The polarizer induced linear polarization of

the THz beam (Ep) with the electric field oriented at ±45◦

relative to the initial BWO polarization (EBWO). Switching

between two orthogonal polarization directions is performed

by rotating the polarizer. The intensities of THz radiation

incident on the sample and then reaching the detector

are almost the same for the ±45◦ polarizations, since

the corresponding Fresnel losses in interaction with optical

elements are equal. This ensures that the obtained THz

polarization images have similar signal-to-noise ratio.

Figures 2, c, d present the power transmission spectra of

the polarizer calculated for a THz field perpendicular and

collinear to the metal wires. It is evident that the polarizer

is highly efficient.
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Figure 1. Polarization-sensitive THz microscope based on the solid immersion effect. (a) Diagram of the microscope that uses a metal

wire mesh polarizer and analyzer, a BWO acting as a source of continuous radiation with a frequency of 0.6 THz (λ = 500 µm), and
a Golay detector. (b, c) Results of evaluation of the spatial resolution of the microscope for two orthogonal polarizations, where the

normalized resolution reaches 0.15λ.
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Figure 2. THz wire polarizer: (a) photographic image, (b) visible-light microscopy data, and (c, d) analytically calculated transmission

spectra for linearly polarized radiation with its polarization orthogonal and collinear to the wires, respectively.

Figure 1, a demonstrates that the analyzer is mounted

in front of the detector; its design and characteristics are

identical. The analyzer was rotated to switch between ±45◦

polarization directions for recording co-polarized compo-

nents of the scattered THz field (EA). In the discussed

microscope design, switching between ±45◦ polarizations

is performed manually by rotating the polarizer and the

analyzer. This provides an opportunity to image a stationary

object with two orthogonal polarizations of the THz beam

(without any displacement or rotation), which is extremely

important for imaging of soft biological tissues. This does

indeed eliminate any possible tissue shift or deformation

and, consequently, the associated THz image distortion.

Although the discussed THz microscope operates at a

given BWO frequency of 0.6 THz, the optical system based

on the solid immersion effect and the polarizer/analyzer

are capable of operating at other THz frequencies (and

even broadband operation). Thus, depending on the task

at hand, one may combine the designed microscope with

other monochromatic or broadband THz radiation sources.
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Figure 3. Imaging of test objects with a THz polarization-sensitive microscope based on the solid immersion effect at a frequency of

0.6 THz (λ = 500 µm). (a−c) Photographic image of a porous biomorphic SiC ceramic material based on oak wood and THz co-polarized

images for the cases when EINC is collinear and orthogonal to the direction of wood fibers and channels. (d−f) and (g−i) Similar data

sets for porous biomorphic SiC ceramics based on birch wood and polymer cutlery. The red square denotes the 4× 4mm2 imaging area.

Polarization-sensitive THz imaging of
various test objects

To test the developed THz polarization-sensitive micro-

scope based on the solid immersion effect, we examined test

media in which anisotropy of THz optical properties may be

observed. Samples of biomorphic silicon carbide ceramics

were used as such media [48,49]. The basis of biomorphic

silicon carbide ceramics is wood that is subjected to heat

treatment in an inert environment to a temperature of

900−1000◦C. A porous carbon matrix, which reproduces

accurately the original structure of wood, is then formed

as a result of pyrolysis. Following interaction of the carbon

matrix with silicon melt, a ceramic material is produced.

Its primary phases are silicon carbide, which forms a

connected microchannel matrix, and residual silicon, which

fills the microchannels. A porous biomorphic ceramic

material consisting of various β-SiC polytypes is obtained

by removing silicon either thermally or chemically.

Figure 3, a shows a cross section of porous biomorphic

silicon carbide obtained from oak wood. The sample

was positioned on the object window in such a way

that its microchannels were collinear and orthogonal to

the polarization plane of THz radiation. The results

of imaging of a 4× 4mm2 scan area are presented in

Figs. 3, b, c. Similar measurements were performed for

porous biomorphic silicon carbide based on birch wood.

Its structure differs significantly from the one of the oak-

based sample, since the cross dimensions of channels are

smaller; however, birefringence is still observed. Figure 3, d

shows the photographic image of the sample, and panels (e)
and (f) present the microscopy data for a 4× 4mm2 region.

When the polarization plane of the incident THz wave is

orthogonal to the direction of wood fibers, the intensity
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of backscattered radiation measured for both samples is

higher than the one corresponding to the polarization plane

collinear to fibers. This may be attributed to a difference

between total cross sections σ‖ and σ⊥ of scattering of

a plane wave off a thin cylindrical object in the Rayleigh

approximation with incident wave EINC being collinear and

orthogonal to the cylinder.

A disposable polymer fork made of polystyrene was

another test object. This cutlery is usually made by

hot extrusion from a polymer blank. The indicated

manufacturing method induces residual stresses in the

material after the blank cools, and the directional structure

of polymer molecules translates into optical anisotropy of

the material. Figures 3, g−i show the photographic image

and two co-polarized THz images of a section of a fork

with the direction of polarization of incident wave EINC

being collinear and orthogonal to the presumed direction of

extrusion. It can be seen that when EINC is orthogonal to the

extrusion direction, the intensity of backscattered radiation

is lower than the one corresponding to EINC collinear to the

extrusion direction.

Thus, the feasibility of application of the developed THz

microscopy system based on the solid immersion effect

for polarization-sensitive measurements of various types of

objects was demonstrated.

THz microscopy of rat brain tissue

In work [47] for the first time have been used to

observe polarization-sensitive THz microscopy to observe

structural anisotropy (birefringence) of freshly excised rat

brain tissues ex vivo. This common phenomenon has been

observed numerous times in the visible and infrared ranges

for various fibrous tissues formed by densely packed and

oriented cylindrical/elliptical scatterers [50]. For example,

this effect was noted in the infrared range in the corpus

callosum that is formed by bundles of axons connecting

the cerebral hemispheres [51]. However, birefringence

in the THz range is poorly studied and was observed

only for the stratum corneum of the skin via THz

ellipsometry [52]. To demonstrate tissue birefringence

in the THz range with sub-wavelength resolution, we

used the developed THz microscope to examine a freshly

excised intact rat brain (in particular, the corpus callosum)
ex vivo.

A freshly excised frontal section of the brain was

positioned on the HRFZ-Si microscope window (Fig. 1, a)
so that the side of the section was adjacent to the window.

Its reverse side was covered with a thin polyethylene film

to prevent hydration/dehydration of the tissue and suppress

the associated distortion of the measured THz response.

Following measurements, the tissue sample was fixed (for
48 h) in a 4% paraformaldehyde solution and embedded

into a paraffin block. Tissue sections 5µm in thickness

were stained with hematoxylin and eosin (H&E); their

histological examination allowed us to identify and mark

brain structures. Figures 4,a, b show the photographic image

of a freshly excised intact rat brain and the corresponding

H&E-stained histological section.

In the course of THz imaging, the polarization of incident

THz beam EINC was first set collinear and then orthogonal

to the bundle of axons in the corpus callosum, which lie in

the image plane. THz images of a brain area 10× 10mm2

in size were recorded. A quantitative assessment of the

spatial distribution (over the image area) of refractive index

of tissue n at a frequency of 0.6 THz was performed for

two orthogonal polarizations (Figs. 4, c, d) by solving the

inverse problem of THz microscopy based on the solid

immersion effect, which was discussed in detail in [35]. The
developed THz microscope allows one to study the response

of superficial tissues only, which is due to the limited

depth of field [34] and the shallow depth of penetration

of THz waves into tissues [19]; both parameters are on

the order of ≈ 100µm. It is evident that the THz images

and n distributions for two orthogonal polarizations differ

significantly. Two areas of interest are highlighted in the

histological section stained with H&E (Fig. 4, b): (I) corpus
callosum and (II) cortex.

Figures 4, e, f show the normalized statistical distributions

of refractive index of tissue p(n) for these regions. As

expected, panel (e) reveals a fairly high birefringence for

corpus callosum (I), where n is higher for EINC polarized

along the axons. In turn, cerebral cortex (II) in panel (f)
exhibits virtually no birefringence, since its morphology is

isotropic on the THz wavelength scale. A less pronounced

anisotropy is observed for other brain regions (white and

gray matter included) in Figs. 4, c, d, but a detailed analysis

of their THz responses is beyond the scope of the present

study.

Discussion

Thus, the sensitivity of THz polarization-sensitive mi-

croscopy to local ordering and orientation of the object

structure was demonstrated. However, an object needs to

be probed with a large number of polarizations at different

orientations relative to the object and different incidence

angles to increase the sensitivity of this approach. The

cross-polarized component of the scattered THz field may

also be a source of useful information [22] complementing

co-polarized data. This approach may be applied in the

study of THz responses of biological tissues that, in certain

cases, have structural elements comparable in size to those

of silicon carbide. Terahertz birefringence may be observed

in various biological tissues of humans and animals (such
as fibrous tissues of muscles and tendons, capillaries, and

veins) [34,36] or even plants (veins and capillaries) [34,53].

Polarization-sensitive THz microscopy based on the solid

immersion effect has application potential in various fields of

medical imaging, including ophthalmology (study of corneal

pathologies [54]), oncological diagnostics (diagnosis of

melanoma [55], basal cell carcinoma [56], lung cancer [57],
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Figure 4. Polarization-sensitive microscopy based on the solid immersion effect of a rat brain ex vivo at a frequency of 0.6 THz

(λ = 500 µm). (a, b) Photographic image and histological examination of the rat brain with H&E staining. Indicated are the imaged area

and two areas of interest: corpus callosum (I) and cortex (II). (c, d) Spatial distribution of THz refractive index n in the cases when THz

field EINC polarized linearly in the image plane is collinear and orthogonal to axons in the corpus callosum. (e, f) Histograms of distribution

of THz refractive indices in brain regions I and II, respectively; (e) reveals significant THz birefringence of corpus callosum. The figure

was taken from study [47] that was published under the Creative Commons Attribution 4.0 International License (CC BY).

brain tumors [16], etc.), study of cardiovascular diseases

(disorders of the urinary wall bladder [58], diabetic foot [7]),
neuroscience, etc.

The efficacy of this method may be increased further

through the use of the Mueller matrix formalism [59,60],
which utilizes a 4× 4 matrix to characterize the transfor-

mation of polarization of an electromagnetic wave in the

course of its interaction with a scattering medium. The

decomposition of the Mueller matrix allows one to estimate

such polarization parameters of the medium as optical

rotation and linear phase shift [61,62]. Various instrumental

implementations of polarization microscopy in the visible

and infrared ranges have been proposed. These include

the classical implementation (36 measurements with various

combinations of a polarizer and an analyzer are needed to

evaluate a 4× 4 Mueller matrix) and the rotating retarder

approach, which reduces the number of measurements

to 24 [63]. Given the large number of images that must

be obtained for Mueller matrix analysis, a need arises to

improve the performance of the microscopy system (raise
its operating speed and sensitivity).

• First, the acquisition time of the THz microscope based

on the solid immersion effect should be optimized by using

a faster pyroelectric detector and a raster scanning system

with fast stepper motors. This may reduce the time of

a single scan to 2−3min, which is important for Mueller

polarimetry that requires dozens of polarimetric images.

• Second, the Mueller matrix evaluation requires THz

beams with both linear and elliptical polarizations. One may

produce such a set of linear and elliptical polarizations of

a THz beam either using classical polarization converters

based on THz materials with birefringence (crystalline
quartz, sapphire, etc.) or opt for new approaches based

on various physical effects in graphene [64], vanadium

dioxide [65], metal wire gratings [66], multilayer metama-

terials [67], 3D printed conductive polymer structures [68],
and separators based on parallel plates [69].

• Third, Mueller matrix polarimetry normally involves the

interaction of low-aperture beams with a sample, while THz

microscopy based on the solid immersion effect uses wide-

aperture beams to excite evanescent waves at the interface

between a silicon lens and an object. To combine Mueller

matrix polarimetry with THz microscopy based on the solid

immersion effect, one needs to take into account the wide

beam aperture and modify the underlying physical models

accordingly.

The advantages of polarization measurements in the THz

range over experiments in other spectral regions are also
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worth emphasizing. First, the studied spectral characteristics

of a substance (absorption lines or bands) vary from one

spectral range to another due to the difference in energy

of radiation quanta and, consequently, in mechanisms of

interaction of electromagnetic waves with matter. Second,

the polarization effects under study are associated with

scattering of electromagnetic waves and are thus governed

by the relation between the wavelength and sizes/shapes

of structural elements of the object. Therefore, polarization

measurements in different spectral ranges (including the ter-

ahertz one) probe the influence of object inhomogeneities

of various scales. Thus, THz spectroscopy and microscopy

provide unique information about the object under study,

which complements, to some extent, spectroscopy and

imaging data from other bands. In general, to gain a

deeper understanding of the mechanisms of interaction of

electromagnetic radiation with an object and choose the

optimum spectral range for a particular application (e.g.,
non-destructive quality control or medical diagnostics), it is
better to perform broadband measurements first and then

choose certain optimum spectral ranges and wavelengths.

Polarization reflection and transmission microscopy and

endoscopy with optical fibers are used widely in the

visible and infrared ranges [45]. These approaches may be

implemented in the THz range to reveal the polarization

effects of interaction of THz waves with an object. Maxi-

mization of the information content of images provided by

polarization-sensitive THz microscopy based on the solid

immersion effect, development of new methods for data

collection and analysis, and examination of their applications

in biomedicine are promising directions for further research.

Conclusion

A polarization-sensitive THz microscope based on the

solid immersion effect was designed. The microscope

operates at a frequency of 0.6 THz with a resolution up

to 0.15λ and allows one to examine the spatial distribution

of anisotropic THz optical properties of an object. The

applicability of the new method in studies of the anisotropic

THz response of various objects with sub-wavelength

resolution was demonstrated. Terahertz birefringence of a

freshly excised intact rat brain ex vivo was revealed.The

most pronounced anisotropy was observed in the corpus

callosum (a bundle of densely packed and oriented axons

connecting the cerebral hemispheres). The obtained results

highlight the application prospects of polarization-sensitive

THz microscopy in optics and biophotonics.
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