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ABSTRACT

We have developed a method of terahertz (THz) solid immersion microscopy for imaging of biological objects and
tissues. It relies on the solid immersion lens (SIL) employing the THz beam focusing into the evanescent-field
volume and allowing strong reduction in the dimensions of the THz beam caustic. By solving the problems of the
sample handling at the focal plane and raster scanning of its surface with the focused THz beam, the THz SIL
microscopy has been adapted for imaging of soft tissues. We have assembled an experimental setup based on a
backward-wave oscillator, as a continuous-wave source operating at the wavelength of λ = 500 µm, and a Golay
cell, as a detector of the THz wave intensity. By imaging of the razor blade, we have demonstrated advanced
0.2λ-resolution of the proposed THz SIL configuration. Using the experimental setup, we have performed THz
imaging of a mint leaf revealing its sub-wavelength features. The observed results highlight a potential of the
THz SIL microscopy in biomedical applications of THz science and technology.

Keywords: terahertz imaging, solid immersion lens, solid immersion microscopy, sub-wavelength resolution,
biological tissues

1. INTRODUCTION

Methods of 2D1,2 and 3D3,4 terahertz (THz) imaging have been vigorously explored during the past decades.
Nowadays, they offer scientific and technological applications in biology and medicine,5 non-destructive sensing6,7

and security tasks,8–10 chemical11 and pharmaceutical12 industries. Despite the considerable progress in the THz
imaging technologies, a practical reliability of the majority of the THz imaging systems is significantly limited
by their low spatial resolution.13 Achieving sub-wavelength spatial resolution of THz imaging remains one of the
key problems of THz science and technology. This problem is of particular importance for rapidly developing
THz biomedicine,14 since the components of biological objects and tissues have essentially sub-wavelength scale
compared to the THz wavelengths.15–18

Several approaches for bringing the THz imaging resolution to sub-wavelength scales have been recently
developed relying on various physical phenomena. Let us briefly discuss these developments considering the
Rayleigh criterion of imaging resolution,19,20 which states that two points of equal intensity should be considered
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to be resolved in case of the principal intensity maximum of one coincides with the first intensity minimum of
the other (or, when one beam spot is spaced on an Airy disc radius from the other). Most of the modern
applications of THz imaging and spectroscopy are based on the use of single element optical systems – wide
aperture spherical and aspherical lenses, or off-axis parabolic mirrors,13 which yield reduction of the THz beam
spot radius to 0.8...1.0λ, where λ is an electromagnetic wavelength. Further improvement of performance of
the single element optics by increasing numerical aperture and resolution seems to be challenging owing to the
residual wavefront aberrations, inherent to lenses,21 or overlapping of incident and focused beams, inherent to the
off-axis parabolic mirrors.13 Recently, several methods of THz imaging with the resolution beyond the λ/2 Abbe
limit have been proposed relying on the lens-based optical systems and exploiting the effects of electromagnetic
field localization behind mesoscale obstacles or particles placed in front of the focal plane.22 Among them are
the THz solid immersion imaging23,24 and the THz imaging based on optical jets.25 These methods yield slightly
sub-wavelength spatial resolution. However, they seem to be sub-optimal for THz imaging of biological objects
and tissues owing to the technical difficulties of soft samples’ handling at the focal plane and raster scanning of
their surface by the THz beam caustic possessing very small depth of field.24

THz digital holography26 and synthetic aperture imaging27 represent other modalities of THz imaging, which
are capable for lens-less operation. The spatial resolution of these methods could reach slightly sub-wavelength
scales. However, these methods require complicated computations for accurate resolving the inverse ill-posed
problems,28–30 the solution of which could be rather unstable in case of studying the objects with complex
shape. Various methods of THz near-field imaging31 allow for overcoming the diffraction limit and achieving
essentially sub-wavelength resolution of 0.1λ, and even 0.001λ.32,33 While providing superior spatial resolution,
the near-field imaging techniques are plagued with many drawbacks. They require small working distance, thus,
the scanning probe placed at the object plane may interact with the object. Detection of light scattered by the
small scanning probe requires powerful emitters and sensitive detectors,34 which are still rare and expensive.35

The THz near-field imaging has been recently applied for studying tissues.36 Nevertheless, it is still a laborious
instrument, which is hardly-reliable in clinical practice.

In this paper, we propose a novel arrangement of the THz solid immersion microscopy, which yields imaging of
biological objects and tissues. The THz solid immersion microscopy relies on the use of so-called solid immersion
lens (SIL),24 which employs the THz beam focusing into the evanescent-field volume and allows for strong
reduction in the dimensions of the THz beam caustic. We solve the problems of the sample handling at the
focal plane and raster scanning of its surface by the focused THz beam, which makes possible using the THz SIL
microscopy for studying soft biological object and tissues. We assemble an experimental setup, which realizes the
proposed configuration of the THz SIL microscopy and includes a backward-wave oscillator as a continuous-wave
source with the output wavelength of λ = 500 µm, and a Golay cell as a detector of the THz field intensity.
We experimentally demonstrate advanced 0.2λ-resolution of the THz SIL microscope. Finally, we apply it for
imaging of a representative biological tissue – a mint leaf. The observed results reveal sub-wavelength features
of the sample justifying prospectives of the THz SIL microscopy in biomedical technologies.

2. EXPERIMENTAL SETUP

We assembled an experimental setup realizing the proposed configuration of the THz SIL microscopy. Figure 1
shows (a) a scheme of this setup and (b) a separate scheme illustrating details of the THz SIL construction. From
the Fig. 1 (a), we could notice that the setup is quite similar to the ones employed in earlier papers21,24 – it uses
the principles of a raster-scan continuous-wave THz imaging in reflection mode. As a source of continuous-wave
THz radiation with the wavelength of λ = 500 µm, we used a backward-wave oscillator.37 As a THz wave
detector, we used a Golay cell.38 A 22 Hz mechanical chopper was employed for the THz beam modulation,
since the Golay cell is capable for detecting only the modulated intensity of electromagnetic field. Furthermore,
an attenuator was applied for preventing the overload of the detector. We homogenized an intensity in the
cross-section of the THz beam by its passing through a 1-mm-diameter metal diaphragm. We employed a high-
resistivity float-zone silicon (HRFZ-Si) beamsplitter to realize the reflection-mode configuration of measurements
with the normal angle of the THz beam incidence on a sample surface.

From the Fig. 1 (b), we could notice that the developed THz SIL is comprized of three optical elements –
the wide-aperture aspherical singlet made of high-density polyethylene (HDPE), sphere and window made from
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Figure 1. An experimental setup realizing the proposed configuration of the THz SIL microscopy: (a) a scheme of the
setup, in general; (b) a scheme of the THz SIL comprised of a rigidly-fixed HDPE aspherical singlet, a rigidly-fixed HRFZ-
Si truncated sphere, and a movable HRFZ-Si window. Being placed in a close contact with the rigidly-fixed HRFZ-Si
truncated sphere, the movable HRFZ-Si window serves (i) as a part of the unitary optical element (i.e. a resolution
enhancing hemisphere) and (ii) as a reference movable window allowing to handle a soft tissue sample during the raster
scanning.

HRFZ-Si. The latter is mounted on motorized X-Y translation stage and allows for scanning the sample surface
by the focused THz beam. The aspherical singlet possesses a focal length of f ′ = 15 mm, a numerical aperture of
NA = 0.64, a back focal distance of S′

F′ = 6.62 mm, an entrance pupil diameter of D = 25.4 mm, and a thickness
of t = 15 mm.21 The HRFZ-Si truncated sphere has a radius of R = 10 mm and a thickness of l = 4.7 mm.24 Its
spherical surface is concentric to the convergent THz wavefront, and its planar surface is parallel to the image
plane. The HRFZ-Si window has a thickness of l′ = 0.25 mm and a diameter of Ø = 60 mm, which is much
larger compared to the dimensions of the truncated sphere, the THz beam caustic, and the sample of interest.

Being placed in a close contact with the rigidly-fixed HRFZ-Si truncated sphere, the movable HRFZ-Si window
serves simultaneously as a part of unitary optical element (a hemisphere with a radius of R = 10 mm and a
thickness of l + l′ = 4.95 mm, which is placed in front of the focal plane for the resolution enhancement) and
as a reference movable window allowing to handle soft samples and form their images via the raster scanning.
Thus, this innovative configuration of the THz SIL makes possible microscopic imaging of biological objects and
tissues. In order to satisfy the Whittaker–Nyquist–Kotelnikov–Shannon sampling theorem,39 in experimental
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Figure 2. Estimation of the THz SIL microscopy resolution via the razor blade imaging: (a) a modeled step-function-like
profile of the test-object reflectivity and a measured profile of the backscattered THz field intensity I (x); (b) a THz beam
spot estimation based on the razor blade imaging using the differentiation procedure |dI (x) /dx|.

study, we use a step of the raster scan of 0.1λ = 50 µm, which is much larger compared to the 10-µm-accuracy
of the X-Y translation stage positioning.

3. SPATIAL RESOLUTION OF THE THZ SIL MICROSCOPY

In order to examine the spatial resolution provided by the proposed configuration of the THz SIL microscopy,
we used the described experimental setup for imaging of a razor blade – i.e. a convenient test object featuring a
step-function-like (a Heaviside-functions-like40) spatial distribution of reflectivity.41

Figure 2 shows the results of razor blade imaging using the proposed THz SIL. Panel (a) illustrates both the
modeled step-function-like profile of the test-object reflectivity and the measured profile of the backscattered THz
field intensity I (x). Panel (b) demonstrates a THz beam spot estimation based on the razor blade imaging using
the differentiation procedure |dI (x) /dx|.24,41 It is evident from Figure 2 that the THz SIL microscopy provides
sharp image of the razor blade with strongly sub-wavelength resolution. Based on the data of Fig. 2 (b), we esti-
mated a δ = 0.2λ-resolution of the THz SIL microscopy according to both the Rayleigh resolution criterion19,20

and the full-width at half-maximum (FWHM) of the THz beam spot.

Along with the advanced resolution, in Fig. 2 (b), we see oscillating and asymmetric character of the beam spot
formed by the THz SIL. This peculiar geometry of the beam spot might originate from either an electromagnetic
wave interference inside the HRFZ-Si hemisphere or some misalignments of the experimental setup, for instance,
decentering of axes of the aspherical singlet and the truncated sphere. Meanwhile, these beam spot peculiarities
do not significantly impact the estimated resolution of the THz SIL microscopy.

4. THZ SIL MICROSCOPY OF A MINT LEAF

Next, in order to highlight an ability of performing the THz SIL microscopy of biological objects and tissues, we
applied the developed setup for imaging of a representative tissue – i.e. a mint leaf containing the sub-wavelength
structural inhomogeneities. Figure 3 shows the results of the THz SIL microscopy of the mint leaf, where (a) and
(b) demonstrate ordinary and magnified visual images of the leaf, and (c) presents its THz image (the imaged
area is 4× 4 mm2 or 8× 8λ2).

In the THz image (Fig. 3 (c)), we clearly observed sub-wavelength features of the leaf with the scales larger
than the estimated spatial resolution δ = 0.2λ of the THz SIL. Higher intensity of the back-scattered THz field
is inherent to the veins and blade of the leaf, which might originate from both higher water content and density
of the leaf’s structural components.
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Figure 3. THz SIL microscopy of the mint leaf: (a),(b) ordinary and magnified visual images of the leaf, (c) its THz
image. The area of THz image is 4× 4-mm2, or 8× 8λ2.

5. DISCUSSIONS

The proposed configuration of the THz SIL is beneficial from a favourable combination of a solid immersion
phenomenon with a basic wide-aperture aspherical singlet.21 The experimentally-estimated 0.2λ-resolution of
this innovative THz SIL represents a considerable improvement over the earlier reported arrangements offering
only 0.35λ-, 0.49λ- and 0.54λ-resolution.24,42,43 The proposed THz SIL does not employ any sub-wavelength
diaphragm (pinhole), thus, avoiding an undesirable losses of the THz wave intensity, which are common for the
methods of near-field imaging.31 Many standard THz lens-based imaging systems, including continuous-wave
and pulsed ones, can be easily modified into the THz SIL configuration by simply placing the HRFZ-Si truncated
sphere and the HRFZ-Si window in front of the focal plane.

Finally, the developed THz SIL microscopy operates in reflection mode providing an ability for in vivo imaging
of non-transparent biological objects and tissues.14 Thereby, the developed THz SIL microscopy could be applied
for mapping the water content and the structural inhomogeneities of the sample. It has great potential in imaging
of structurally-inhomogeneous solid-state materials,44 discriminating pathological tissues from normal ones in
medical diagnosis,45–49 and detection of sub-wavelength-scale defects in constructional materials.7

6. CONCLUSIONS

In this work, we have proposed an innovative arrangement of the THz SIL microscopy, which yields imaging of soft
samples. We have experimentally demonstrated advanced 0.2λ-resolution of the proposed THz SIL arrangement,
as well as an ability of its use for imaging of biological objects and tissues.
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