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Application of a hemispherical rutile lens in THz solid immersion
microscopy to achieve super-resolution
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Solid immersion (SI) microscopy is a promising approach to overcome the diffraction limit by focusing light beam

at a short distance behind a medium with a high refractive index. Due to the absence of subwavelength probes
and apertures in the optical system, this method allows achieving high-energy efficiency. The super-resolution
and high optical throughput of SI microscopy together open up possibilities for its application in various fields
of science and technology. Spatial resolution of SI microscope is mainly limited by the refractive index of the SI
lens, so that denser lenses allow higher resolution to be achieved. In this work, a bulk crystal of rutile (TiO>),
characterized by an extremely high refractive index of ~ 10 in the terahertz range, is used for the first time to
produce SI lens. This is the highest refractive index value ever used in SI microscopy. We assembled an original SI
microscope utilizing a IMPATT diode as a continuous-wave terahertz source at a frequency of 0.2 THz (wavelength
A = 1.5mm) and a Golay detector. The spatial resolution of our microscope is in the range of 0.06—0.111 was

obtained by experimental investigations. This is the highest resolution ever recorded for any SI optical system.
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Introduction

Solid immersion (SI) microscopy has been first presented
in the visible range as a means to overcome the Abbe
diffraction limit of 0.51 [1]. The SI effect consists in
reduction of the focal spot dimensions during its formation
in free space at a subwavelength distance (< 1) behind the
planar surface of an immersion lens made of a material
with a high refractive index (RI). The increase in resolution
in such lenses is the result of the combined contribution of
waves undergoing ordinary Fresnel reflection and evanescent
waves that are excited at the planar lens—object interface
due to total internal reflection (TIR) [2]. Compared to
an ordinary lens, the focal spot of an immersion lens gets
reduced in size by a factor proportional to the RI of this
lens [2]. Resolutions within the 0.15—0.54 range [3] have
thus been achieved with the use of materials with high
and medium RI values (high-density glass, silicon, etc.). SI
microscopy does not only provide an increased resolution,
but also offers higher energy efficiency levels than other
near-field imaging methods. The latter is achieved due to
the lack of any subwavelength probes and diaphragms in the
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optical path. This, in turn, enables the use of common low-
power radiation sources and uncooled detectors in optical
systems of this type. A detailed comparison of different
subwavelength imaging methods and a thorough discussion
of the advantages of SI microscopy may be found in [2].

Numerous lenses based on the SI effect with different
fabrication approaches, geometries, and optical designs have
already been produced from various materials [2,4-9]. Their
ranges of operation occupy the interval from ultraviolet to
terahertz (THz) wavelengths. In addition, SI microscopy has
helped to solve many challenging fundamental and applied
problems in visible [10], infrared (IR) [11], and Raman [12]
super-resolution imaging; condensed matter physics and su-
perconductivity [13-16]; quantum sciences [17,18]; data
storage [19]; non-destructive testing [20]; biomedicine [21];
and other research fields.

SI microscopy has recently been implemented in the
THz range (at frequencies v ~ 10~'—10!' THz) [22-24].
Specifically, the reflection-mode THz SI microscope pre-
sented in [25] features an objective consisting of a wide-
aperture polymer aspherical singlet [26] and a hemisphere
made of high-resistance silicon, which offers an RI level
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of ngi ~ 3.414 and insignificant dispersion and absorption
in the THz range [27]. The silicon hemisphere itself
consists of two elements: a rigidly fixed hypohemisphere
and a movable window, which is in close contact with the
hypohemisphere and forms a single optical element with
it. This composite design allows one to image amorphous
objects (including soft biological tissues) placed on top of
the movable window by scanning them with a focused
THz beam [3,25]. A record-high resolution of 0.151 was
achieved in imaging of metal-dielectric objects with a
THz microscope with a silicon lens [25]; in addition, the
dependence of the microscope resolution on RI of the
object and losses was examined in [28]. Analytical and
numerical models of the formation of a subwavelength beam
spot by an immersion lens were presented in [29]. The
THz microscope discussed there was used to visualize the
boundaries and heterogeneities of glioma models 101.8 in
a rat brain ex vivo [29-31] and to study heterogeneous
decellularized tissues in the process of their interaction with
a humid atmosphere [32].

The data on RI of natural materials transparent in the
THz range are currently limited, which makes it difficult to
increase the resolution of SI microscopy further; notably,
the RI of the examined materials in the THz region is
usually lower than that of silicon, n < 3.0—3.5. A promising
approach to increasing the RI of a lens was proposed
in [10,33]. Composite immersion lenses were fabricated
in these studies either by self-assembly of high-RI TiO,
nanoparticles from a colloidal suspension (for the visible
range) or by pressing a mixture of TiO, and polymer
micropowders (for the THz range), respectively. The RI of
a composite lens examined in [33] was as high as n=4
in the THz range; however, the obtained material was
characterized by high attenuation of THz waves due to
absorption and scattering.

In the present study, a high-RI bulk rutile (TiO,) crystal
is considered for the first time as a novel material for
fabrication of an immersion lens in the THz range that
could provide a further improvement of the resolution of
SI microscopy. Experiments with a reflection-mode THz
SI microscope operating at a wavelength of 1 = 1.5mm
(v ~ 0.2THz) were performed. The obtained data confirm
that the rutile immersion lens offers a higher resolution in
the THz range (0.06—0.111) than lenses made of all the
other materials discussed earlier in literature. These results
open up opportunities for application of rutile as a new
optical material for THz super-resolution microscopy [34].

Design and fabrication of a rutile solid
immersion lens

The optical SI system chosen for the present study is
shown in Fig. 1,a and is similar in geometry to the one
detailed in [25]. This system includes a wide-aperture
polymer aspherical singlet [26] and a composite rutile
hemisphere. The singlet with a focal length of 15mm and a

diameter of 25 mm is irradiated by a collimated THz beam
and forms a converging wave front. The rutile hemisphere
with a diameter of 10mm and a thickness of 5mm is
mounted after the singlet so that its spherical surface is
irradiated by a converging wave front and its planar surface
is aligned with the focal plane of the singlet. This geometry
prevents refraction on the spherical surface of the rutile
hemisphere. The distance between the singlet and the
hemisphere is 2.7 mm. The rutile hemisphere enhances the
resolution, and a subwavelength caustic of THz radiation is
formed on its planar surface (i.e., the image plane) [2,25,29].

A cube 11 x 11 x 11mm in size (Fig. 1,b) was cut
from a rutile crystal (RusGems, Russia) and made into a
sphere with a diameter of 10 mm (Fig. 1, ¢), which was then
polished with the use of diamond powder and a beechwood
bowl with a spherical surface covered with velvet. This
sphere was cut into a hemisphere with a thickness of 5mm
and a hypohemisphere 4 mm in thickness with polished flat
surfaces and the c-axis of rutile directed along the optical
axis (Figs. 1,e and 1,f; respectively). A rutile window 1 mm
in thickness with a surface area of ~ 3 cm? and the c-axis
of rutile aligned with the optical axis was cut from a bulk
crystal and was then also ground and polished on both
sides (Fig. 1,d). Together with the hypohemisphere with
a thickness of 4 mm, this window forms a hemispherical
rutile lens with an overall thickness of 5mm. Another 1-
mm-thick window with a similar surface area and the same
c-axis was cut from a bulk rutile crystal for spectroscopic
evaluation of the anisotropic THz dielectric response [35].
A composite rutile hemisphere consisting of a rigidly fixed
hypohemisphere with a thickness of 4mm (Fig. 1,¢) and a
movable window with a thickness of 1 mm (Fig. 1,d) was
thus assembled. These two components are in contact with
each other and form a single optical element. The movable
rutile window serves as a sample holder and allows for
raster scanning of the objects under study with a focused
THz beam.

Since the optically anisotropic dielectric response of a ru-
tile crystal has a significant dependence on the method and
conditions of crystal growth [35], an original transmission-
mode THz pulsed spectrometer with two photoconductive
antennas acting as an emitter and a detector of THz pulses
was used to study anisotropic THz optical properties. This
spectrometer has a vacuum chamber for the THz beam,
which suppresses the unwanted influence of atmospheric
water vapor in THz measurements and expands the spectral
range of examination of the sample. It is also fitted with
two metal grid polarizers designed for polarization-sensitive
THz measurements [36-38].

An approach detailed in [39,40] was used to reconstruct
the THz optical properties of the rutile window. Figure 2
shows the measured RI n and power absorption coeffi-
cient a values for ordinary and extraordinary rays of a rutile
crystal within the 0.1—0.8 THz range. The measurement
band is limited both by the detector sensitivity and by
high Fresnel losses at the free space—rutile interface. The
vertical dashed magenta line in Fig. 2 corresponds to the
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Figure 1. Terahertz optical SI system with a rutile hemisphere. (a) Diagram of the optical system consisting of a wide-aperture polymer
aspherical singlet, a rigidly fixed rutile hypohemisphere, and a movable rutile window, which form a hemisphere together. (b) Photographic
image of a cube 11 x 11 x 11 mm in size cut from a bulk rutile crystal. (¢)—(f) Photographic images of a sphere 10 mm in diameter, a
1-mm-thick window, a hemisphere, and a hypohemisphere (cut from a bulk crystal, ground, and polished). The scale bar is in units of
A =1.5mm (v ~ 0.2THz), which is the operating wavelength of the THz microscope.

operating frequency of 0.2THz (wavelength 2 = 1.5mm)
of the designed THz SI microscope. At this frequency,
the ordinary and extraordinary refraction indices of rutile
are as high as nf,, = 9.83 and nf,, = 13.58, respectively,
while power absorption coefficients agio, < 0.5cm™! for
the corresponding thicknesses of rutile optical elements are
relatively low. The c-axis of rutile in Fig. 1,a is oriented
collinear with the optical axis to minimize the influence of
crystal anisotropy on the focusing properties of the optical
system.

Figure 3, a shows the schematic diagram of the reflection-
mode THz SI microscope that is similar to the design with a
silicon immersion lens [25,3]. This system modulates a THz
beam at ~ 23 Hz with a mechanical modulator and detects
it using a Golay cell with lock-in detection, which enhances
the signal-to-noise ratio. In contrast to [25,3] where a
bulky backward-wave tube was used as a THz source,
the discussed microscope utilizes a much smaller IMPATT
diode (TeraSense Group) [41] that generates unpolarized
radiation with a polarization degree of ~ 0.7, a wavelength
of A=1.5mm (v ~0.2THz), and a power of 100 mW.
However, owing to the poor long-term stability of the
diode output power (fluctuations of several percent) that
is comparable to the THz image contrast, an additional
pyroelectric detector (also operated in the lock-in mode)
was used for continuous calibration of the THz radiation
power. Thus, the THz beam power scattered by the sample
and recorded by the Golay cell in each measurement (pixel)
was normalized to the power measured by the pyroelectric
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detector. A THz image was formed by raster scanning
with a spatial window step of 0.0251, that satisfies the
Nyquist—Shannon—Kotelnikov sampling theorem [42).

Figure 3,b presents the measurement diagram for a
liquid test object introduced into a polymer cuvette on the
movable rutile window. Such measurements allowed us
to visualize the liquid object—metal interface and examine
the dependence of the microscope resolution on optical
properties of the liquid object.

Experimental study of spatial resolution

In the present study, propylene glycol (PG) and its
aqueous solutions were used as test objects to evaluate the
spatial resolution of the designed THz SI microscope [29].
PG and its aqueous solutions are common hyperosmotic
agents for immersion optical clearing of tissues in the
visible, IR, and THz ranges [43-45]. Their optical properties
were examined in [38,46] with the aim of selecting the
optimum means for immersion optical clearing of tissues
in the THz range. The measured refraction indices and
absorption coefficients of the analyzed liquids were also
presented in [47]. These values are consistent with earlier
data. Both the RI and the absorption coefficient increase
monotonically and almost linearly with a reduction in the
concentration of PG in a solution. Specifically, RI n at
a frequency of 0.2 THz increases from 1.77 (for pure PG,
100%) to 2.60 (for deionized water). This provides ample
opportunities for tuning the THz optical properties of the
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Figure 2. RI n and power absorption coefficient @ of a rutile crystal in the THz range for ordinary (a), (¢) and extraordinary (b), (d)
rays. The vertical dashed magenta line denotes the SI microscope operating frequency of 0.2 THz.
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Figure 3. Terahertz SI microscope with a composite rutile hemisphere operating in the reflection mode. (a) Schematic diagram of the
THz microscope with a rutile lens, a diode emitter, and a Golay detector. (b) Schematic diagram of a measurement cuvette for liquid test
objects.

test object for experimental evaluation of the resolution of A polymer cuvette with a metal plate installed at the base
the optical system. As was noted in [29], the range of optical was placed on top of the rutile hemisphere in experiments.
characteristics of PG solutions is close to that of biological Measurements were carried out with an empty cuvette
tissues, which is of particular importance for biomedical (air) and a cuvette filled with PG solutions that formed a
applications. dielectric-metal interface with different RI values (Fig. 3, b).
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Figure 4. Experimental studies of the spatial resolution of the rutile immersion lens. (a) Experimental evaluation of the lens resolution
as a function of propylene glycol (PG) concentration and RI. (b) Terahertz microscopic image of the 100% PG—metal interface with a
stepwise variation of the reflection coefficient. (c) Intensity profile derived from the THz image in panel (b), its first derivative, and a

smoothed approximation characterizing the lens scattering function.

Aqueous PG solutions of various concentrations were used:
Cpg = 0.0—1.0 (by volume) [29,47]. It can be seen from
Fig. 4, a that the experimental resolution is 6 = 0.1151 for
air and § = 0.067—0.1274 for aqueous solutions of PG. An
example distribution of the intensity of radiation reflected
from the cuvette with a metal plate filled with pure PG is
shown in Fig. 4,b. The THz image intensity is normalized
here to the intensity of radiation reflected from the metal
plate. Figure 4,c presents the intensity profile derived
from Fig. 4,b and its first derivative that was needed to
reconstruct the scattering function of the THz SI imaging
system.

Published data on the spatial resolution of a number
of optical systems based on the SI effect and operating
in different ranges of the electromagnetic spectrum are
presented in the table. The table covers only those optical
systems that were characterized using commonly accepted
resolution criteria (such as the Airy disk radius according
to the Rayleigh criterion and the FWHM scattering spot
size). It is worth noting that the resolution of the THz rutile
immersion lens exceeds the resolution of all similar silicon
lenses designed earlier for the THz range (row 19 in the
table) and all the other lenses designed for the visible, near
IR, middle IR, and millimeter ranges.

Subwavelength imaging with a rutile solid
immersion lens

The THz SI microscope with a rutile lens was used
to image various types of test media. Figures 5,a—5,d

Optics and Spectroscopy, 2024, Vol. 132, No. 4

present the photographic and THz images of 3D-printed
logos of GPI RAS and ISSP RAS (research institutes that
were involved in the present study). The GPI RAS logo
was made of a conductive acrylonitrile—butadiene—styrene
(ABS) polymer and carbon nanotubes with a resistivity of
4.64-10*Q - cm, and the ISSP RAS logo was made of a
polylactic acid polymer (PLA). The depth of letters of both
logos is 0.4 mm, which exceeds significantly the depth of
field of the developed THz optical system. The width of
letters is 0.4mm (0.271) and is limited by the minimum
nozzle diameter of the 3D printer (FlashForge Creator Pro
2). Letters of subwavelength dimensions are legible in all
THz images.

Conclusion

An experimental study of a rutile (TiO;) immersion
lens for super-resolution microscopy with an impressive RI
n ~ 10 in the THz range was carried out. Experimental data
revealed that the rutile immersion lens provides a record-
high (for optical systems based on the SI effect) spatial
resolution (0.06—0.114, which is 5—10 times lower than
the Abbe diffraction limit of ~ 0.5 in free space). This
high resolution is a significant advance over all previously
presented SI optical systems in all spectral intervals from
the visible range to the microwave one. The obtained results
open up opportunities for producing new-generation optical
systems of this type that use rutile for super-resolution THz
imaging.
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Figure 5. Terahertz SI microscopy of objects with subwavelength-scale inhomogeneities. (a)—(d) Photographic and THz images of
3D-printed polymer logos of the Prokhorov General Physics Institute (GPI RAS; the logo is made of conductive ABS) and the Osipyan

Institute of Solid State Physics (ISSP RAS; PLA polymer).

The achieved record-high spatial resolution of the THz SI
microscope with a rutile lens may find application in various
fields of THz science and technology. The most notable
among them are medical diagnostics and biology [31,64],
non-destructive testing of materials [65] and electronic
circuits [66], and quality control in the pharmaceutical [67]
and food [68] industries.

At the same time, although this system offers an
impressive resolution, it also suffers from a number of
inherent problems. First, the very high RI of a rutile crystal
reduces significantly the energy efficiency of the microscope
due to high Fresnel losses at the air—rutile interface. In
future narrow-band applications, this disadvantage may be
mitigated by applying an antireflective coating to the crystal
surface. Second, owing to the high RI, a significant part of

the THz beam aperture in the optical system is subject
to TIR at the planar rutile—object interface (Fig. 1,a).
Specifically, if air is at the rear of the immersion lens,
the critical TIR angle is just Opr = arcsin(nNg/ n%oz) ~ 6.
This implies that the response of the optical system is
less sensitive to small changes in the RI of the object
compared to similar systems made of materials with lower
RI values, such as silicon [29]. Finally, it is worth noting
that the very high resolution and the need to orient the c-
axis of a rutile crystal along the optical axis (to maintain
an isotropic response of the microscope) necessitate more
precise fabrication and assembly of the optical system
(compared to a common THz SI microscope with a silicon
lens with a lower RI [25]).

Optics and Spectroscopy, 2024, Vol. 132, No. 4
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Spatial resolutions of a number of optical SI systems discussed in
literature. The systems are sorted by increasing resolution

N Resolu— Spectral Wave- Len§ Refe-
tion, 4 range |length 1, um|material |rence
1 0.49 THz 637 Si [48]
2 043 Near IR 0.83 Glass | [49]
3| 041 Eﬁ?; 0.78 Glass | [50]
4 04 Near IR 1.1-1.7 Si [51]
5 0.35 THz 600 Si [52]
6 0.34 Middle IR 5 Si [53]
7 0.33 Middle IR| 0.8—1.1 ALO; | [54]
8 0.31 Middle IR 0.815 ZrO, | [55]
9 0.3 Microwave | 1500—3000 | ALOs | [56]
10| 028 Middle IR 5 Si [57]
11| 028 Visible 0633 Lg;;anI\ng 58]
12| 023 Middle IR 10.7 Si [59]
13| 023 Visible 0.436 Glass | [1]
14| 021 Near IR 1.53 Si [60]
151 0.2—-0.3 THz 33 TiO,/PP| [33]
16| 0.2—0.23 | Middle IR | 9.3—10.7 Si [61]
17 0.2 Middle IR 93 Si [62]
18(0.15—0.31| Near IR 1.2 Si [63]
191 015 THz 500 Si [25]

Although the present paper is focused on reflection-mode
THz SI microscopy, transmission-mode designs are also
feasible [24]. Moreover, the developed THz microscope may
be used for quantitative visualization (i.e., for assessing the
optical properties of an object at a given frequency [29]).
One may also pair a rutile lens with THz pulsed sources
and detectors, thus combining THz SI microscopy and
THz pulsed spectroscopy techniques for measurement of
broadband spectra with a subwavelength spatial resolution.
However, the rapid increase in losses and dispersion of
the rutile material at higher THz frequencies should be
taken into account (see Fig. 2). A rutile lens may also
be implemented in various other SI configurations, such
as hyperhemispherical (Weierstrass) [21], diffractive [3],
microlens [4,12], and endoscopic [69] ones.
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