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We have developed a method of terahertz (THz) solid immersion (SI) microscopy for continuous-

wave reflection-mode imaging of soft biological tissues with a sub-wavelength spatial resolution. In

order to achieve strong reduction in the dimensions of the THz beam caustic, an electromagnetic

wave is focused into the evanescent field volume behind a medium with a high refractive index.

We have experimentally demonstrated a 0.15k-resolution of the proposed imaging modality at

k¼ 500 lm, which is beyond the Abbe diffraction limit and represents a considerable improvement

over the previously-reported arrangements of SI imaging setups. The proposed technique does not

involve any sub-wavelength near-field probes and diaphragms, thus, avoiding the THz beam attenu-

ation due to such elements. We have applied the developed method for THz imaging of various soft

tissues: a plant leaf blade, cell spheroids, and tissues of the breast ex vivo. Our THz images clearly

reveal sub-wavelength features in tissues, therefore, promising applications of THz SI microscopy

in biology and medicine. Published by AIP Publishing. https://doi.org/10.1063/1.5045480

Over the past decades, many modalities of terahertz

(THz) imaging have been vigorously explored.1,2 Among

various applications of THz imaging, considerable attention

has been paid to its use in medical diagnosis,3 where it yields

a label-free differentiation between healthy tissues and

malignancies in various localizations.4–6 Most of the modern

THz biomedical imaging systems rely on conventional lens-

and mirror-based optics and possess a diffraction-limited

spatial resolution.7 Thus, even for a THz optical system with

the largest-possible numerical aperture NA¼ 1.0, the Abbe

diffraction limit sets the resolution to ’0:61k (k is a free-

space wavelength of light).8 Since the wavelength of THz

radiation is on the order of hundreds of microns, the diffrac-

tion phenomena pose significant limitations on the accuracy

of malignancy margin detection, thus, pushing further devel-

opments into the realm of sub-wavelength-resolution THz

imaging.

Several approaches for high resolution THz imaging have

been recently proposed. Among them, THz holography9 and

synthetic aperture imaging10 yield slightly sub-wavelength

spatial resolution, but require complicated computations for

resolving the inverse ill-posed problems.11 In turn, while the

near-field THz imaging easily overcomes the diffraction

limit and provides an impressive spatial resolution down

to 10�2–10�3k,12–16 it normally employs detection of very

weak signals scattered by sub-wavelength probes placed

at the object plane. This requires powerful emitters and

sensitive detectors, which are still rare, expensive, and

cumbersome.

Other promising approaches for high-resolution THz

imaging rely on the effects of electromagnetic field localiza-

tion at the shadow side of a mesoscale dielectric particle,17

where both the photonic jet effect18 and the solid immersion

(SI) phenomenon19 can provide sub-wavelength focusing.

Among these approaches, we would particularly note SI

microscopy, which employs an electromagnetic wave focus-

ing into the evanescent field volume behind a high refractive

index material in order to achieve reduction in the dimen-

sions of a focal spot. This technique was first introduced in

the visible (VIS) and infrared (IR) ranges, and was applied in

microscopy,20 optical data storage,20 Raman21 and thermal22

imaging, and testing of integrated electrical circuits.23 Later,

it was transferred to the millimeter-wave (MMW)24 and

THz25 bands. Most recently, in Ref. 26, we proposed a struc-

ture of the THz SI lens, which is based on the favorable com-

bination of a wide-aperture aspherical singlet and a

hypohemispherical lens, and yields 0.35k-resolution.

Among all of the above-mentioned approaches, the SI

microscopy seems to be a promising tool for THz biophoton-

ics thanks to a combination of sub-wavelength resolutiona)Author to whom correspondence should be addressed: kirzay@gmail.com
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and high optical throughout, as no sub-wavelength probes

are used. Unfortunately, none of the existing configurations

of the THz SI lenses are suitable for solving the demanding

problems in biology and medicine owing to the problem of

soft tissue handling at the focal plane of the SI lens during

point-by-point reflection-mode imaging. A straightforward

approach, which involves direct contact between the high

refractive index lens and the moving tissue, as reported in

Ref. 25 could lead to distortions in the image due to inadver-

tent mechanical compression of the tissues and the occlusion

effect. These image distortions are of crucial importance in

THz bioimaging since the label-free differentiation between

healthy and pathological tissues typically requires high mea-

surement accuracy and image clarity.3–6

In order to mitigate a challenging problem posed by the

sub-wavelength-resolution THz imaging of soft biological tis-

sues, in this letter, we propose a method of THz SI micros-

copy, which allows handling of the tissue sample at the SI

lens focal plane during continuous-wave (CW) reflection-

mode imaging, while yielding an advanced spatial resolution.

This configuration for the THz SI microscopy achieves a

0.15k-resolution at k¼ 500 lm, which is superior compared

to other existing SI lens configurations reported in the MMW,

THz, IR, and VIS spectral ranges.22–28 We then apply the

developed THz SI microscopy setup to imaging of different

soft tissues and cell structures: a plant leaf, cell spheroids,

and tissues of the breast ex vivo. The acquired images reveal

sub-wavelength features in tissues thus highlighting the

potential of the proposed THz imaging modality for various

demanding applications in biology and medicine.

In Fig. 1, the schematic of the proposed THz SI lens

arrangement is presented. This SI lens is comprised of three

optical elements: a wide-aperture aspherical singlet (made of

high-density polyethylene—HDPE), a hypohemisphere, and

a movable planar sample holder (both made of high resistiv-

ity float-zone silicon—HRFZ-Si). The aspherical singlet fea-

tures a focal length of 15 mm and an entrance pupil diameter

of 25 mm.7 The hemisphere has a diameter of D¼ 10 mm and

a thickness of l¼ 4.7 mm. The position of the hemisphere is

adjusted so that the spherical wavefront of the focused

THz beam is concentric with the lens’ spherical surface.

Additionally, by design, the lens flat terminating surface is

parallel to its focal plane. The aspherical singlet and the

hypohemisphere are rigidly fixed, while the sample holder is

mounted on a motorized X–Y translation stage.

The sample holder has a thickness of l0 ¼ 0:25 mm and

completes the hypohemispherical lens to an almost perfect

hemisphere (lþ l0 ¼ 4:95 mm, while D/2¼ 5 mm), which is

a core optical element in SI lens that leads to sub-wavelength

image resolution, while also serving as a sample holder for

tissue samples. Furthermore, this approach of tissue handling

prevents their shrinkage (or other mechanical perturbations),

thus, eliminating distortions of THz images. Using a paraxial

approximation, we can estimate a back focal distance of the

resultant THz SI lens s0F0 ’ ðD=2� l� l0Þnobj=nSi, where

nSi ¼ 3:415 and nobj stand for the THz refractive indicies of

the HRFZ-Si and the object of interest. In the studied com-

pound SI lens, no oil was used for the reduction of friction

between the two movable elements. In fact, during our

experiments, we did not observe any issues associated with

either mechanical damage of the two sliding flat surfaces of

the HRFZ-Si optical elements, or image distortion due to for-

mation of air gaps between these surfaces. However, these

effects are difficult to quantify at this time, and further inves-

tigations are in order.

Schematic of a SI microscope operating in the reflection

mode is shown in Fig. 2. As a source of CW THz radiation at

k¼ 500 lm, we use a backward-wave oscillator (BWO). As

a detector of the THz beam intensity, we use a Golay cell. A

22-Hz-mechanical chopper is used to modulate the intensity

of the THz beam since the Golay cell only detects the non-

stationary electromagnetic wave intensity, while an attenua-

tor is used to prevent the detector overload. To homogenize

the intensity of a THz beam over its cross-section, a 1-mm-

diameter metal diaphragm is used at the focal plane of a

1�-telescopic system, as shown in Fig. 2.

In order to find a spatial resolution of our THz SI micro-

scope, we first imaged a test object that features abrupt spa-

tial changes in the reflectivity. In particular, a 500-nm-thick

Ti-coating was sputtered onto a surface of the movable pla-

nar sample holder using a patterned metal shield as a mask.

In Fig. 3, we show the THz image of the test object Iðx; yÞ
[panel (a)], as well as intensity profiles across the lines that

contain sharp reflectivity changes [panels (b) and (c)]. The

image resolution is then estimated from the full width at half

maximum (FWHM) of the spatial derivatives jdIðx; y0Þ=dxj
and jdIðx0; yÞ=dyj. It is evident from Figs. 3(b) and 3(c) that

our THz SI lens provides a deep sub-wavelength-resolution

in both OX and OY directions, estimated to be 0.14k

FIG. 1. THz SI lens for imaging of soft tissues: (a) schematic of a THz SI

lens comprised of a wide-aperture aspherical singlet (made of HDPE), a

rigidly-fixed hypohemisphere, and a movable planar sample holder (both

made of HRFZ-Si); (b) schematic of beam focusing by a SI lens illustrating

a contribution of transmitted beam and evanescent waves on the THz beam

focusing; TIR stands for a total internal reflection.

FIG. 2. Schematic of a THz SI microscope for CW reflection-mode imaging

of soft tissues.
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and 0.15k, correspondingly. Thus, the measured resolution

represents a considerable improvement over that of the pre-

viously reported configurations of MMW, GHz, and THz SI

lenses, namely, 0.3k,24 0.49k,25 and 0.35k.26 Furthermore,

the resolution of our THz SI microscope competes with that

of the advanced VIS and IR SI systems, namely, 0.28k,22

0.23k,27 0.2k,28 and 0.15–0.31k.23

Such high resolution of our THz SI microscope is

achieved thanks to the combined use of a wide aperture

aspherical singlet and a high refractive index hemispherical

lens. After conducting a comprehensive experimental study,

we believe that we have reached the resolution limit of the

proposed SI lens configuration with the given materials.

Further resolution enhancement can be achieved only by

substituting the aspherical singlet with the one featuring a

larger NA, or by using the hemisphere material with a higher

refractive index than that of a HRFZ-Si. The effective refrac-

tive index of the hemisphere might be further increased

when using judiciously designed metamaterials29 or photonic

crystals.30 The depth of field of a SI lens is physically limited

by the depth of the evanescent field volume behind the hemi-

sphere. Considering the results of previous theoretical analy-

sis of the hemisphere-based SI lens configurations,26,31 we

expect that the depth of the field is limited to <k/2 for the

proposed THz SI lens.

Finally, from Fig. 1(b), we notice that both the propagat-

ing (transmitted) and evanescent waves contribute to the for-

mation of the THz beam caustic.32 It is evident that the

transverse and longitudinal dimensions of the THz beam

caustic depend on the total internal reflection (TIR) condi-

tions at the lens interface and, thus, on the refractive index

and microstructure of the object. Such an object-dependent

THz beam caustic is an interesting phenomenon, which

should be inherent to all configurations of SI optical sys-

tems.31 However, further discussion of this phenomenon is

out of the scope of this paper.

In order to highlight potential of THz SI microscopy in

biomedicine, we applied our system to imaging of different

types of soft tissues. Thus, in Figs. 4(a)–4(c), we demonstrate a

photo and THz images of a poinsettia leaf. The THz images

correspond to two 8k � 8k square areas of the leaf blade and

reveal its sub-wavelength structural elements, such as veins.

The intensity of the backscattered THz field is higher for the

veins than for the surrounding leaf area, which might be due to

differences in the water content, density, and structure of tis-

sues. Next, we applied our setup to imaging of the tissue sphe-

roids made of chondrocytes from the articular hyaline cartilage

of male sheep.33 Each spheroid consists of approximately

8� 103 chondrocytes and features a diameter of about 300 lm.

For the THz imaging, the tissue spheroids were extracted from

the growth medium and placed onto the movable planar sam-

ple holder. In Figs. 4(d) and 4(e), we show results of THz SI

microscopy of a triplet of these spheroids, as well as its optical

FIG. 3. Experimental estimation of the THz SI microscope resolution at

k¼ 500 lm: (a) THz image of a metal test object featuring step-like changes

in the refractivity both in OX and OY directions; the vertical black arrow

indicates the direction of the electromagnetic wave polarization; (b) and (c)

intensity profiles in OX and OY directions, measured near the sharp metal

edges of the test object; the first derivatives of these intensity profiles yield

estimation of the resolution.

FIG. 4. THz SI microscopy of different soft tissues at k¼ 500 lm: (a)–(c) a photo and THz images of a poinsettia leaf blade; (d) and (e) a THz image and an optical

microscopy image of a triplet of the tissue spheroids made of chondrocytes; (f)–(h) a photo, a histology, and a THz image of a human breast specimen ex vivo
formed by dense fibrous connective tissues, into which single fat cells and their agglomerates are embedded.
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microscopy image. Despite the fact that a single spheroid has a

sub-wavelength diameter, we could clearly distinguish each

spheroid in the THz image of the triplet.

In Figs. 4(f)–4(h), we show the results of the THz SI

microscopy of human breast tissue ex vivo with fibrocystic

mastopathy and foci of adenosis. The breast tissue specimen

was excised according to the initial medical diagnosis, and

after the THz measurements, the diagnosis was confirmed by

histology. In order to prevent the tissue from hydration/dehy-

dration during the THz measurements, we placed them onto

the movable planar sample holder and covered with a gelatin

film. In panel (h), we observe a fragment of the stroma of the

breast ex vivo, formed by the dense fibrous connective tissues

containing single fat cells and their agglomerates (2–25

cells). Despite the fat cells and their agglomerates being

sub-wavelength, they are clearly observed in the THz image.

The observed contrast could be due to the lower water con-

tent and, thus, lower THz refractive index and absorption

coefficient of the fat cells compared to those of the dense

fibrous connective tissues.5 This image highlights the

spatially-inhomogeneous character of the breast tissues on

the scale set by the THz wavelengths. This could pose limita-

tions to modeling of the THz wave—tissue interactions using

a conventional assumption of the homogeneous medium

along with relaxation models of the complex dielectric per-

mittivity;34 hence, the Mie scattering effects should impact

the THz response of such tissues. In our opinion, in this case,

the radiative transfer theory could form a promising basis for

further understanding of THz radiation–tissue interactions.35

In this letter, we proposed a method of the THz SI

microscopy, which allows imaging of soft tissues with

0.15k-resolution. We applied it to imaging different types of

biological objects. The observed results highlight the pro-

spective of THz SI microscopy in biology and medicine.
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