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Hemispherical Rutile Solid Immersion Lens for Terahertz
Microscopy with Superior 0.06–0.11𝝀 Resolution

Vladislav A. Zhelnov, Nikita V. Chernomyrdin,* Gleb M. Katyba, Arsenii A. Gavdush,
Vladimir V. Bukin, Sergey V. Garnov, Igor E. Spektor, Vladimir N. Kurlov,
Maksim Skorobogatiy, and Kirill I. Zaytsev

Solid immersion microscopy is a near-field imaging modality that overcomes
the Abbe diffraction limit by focusing the light beam behind a high refractive
index lens. It offers high energy efficiency, thanks to the absence of any
sub-wavelength probes or apertures in the optical path. A favorable
combination of superresolution and high optical throughput opens up a
variety of imaging applications in different branches of science and
technology. The spatial resolution of solid immersion microscopy is mostly
limited by the refractive index value of the lens, with optically denser lenses
offering higher resolutions. In this paper, bulk rutile (TiO2) crystal is used as a
material for the solid immersion lens, which offers an impressive refractive
index of ≈10 in the terahertz range. This is the highest value of refractive
index ever used in solid immersion microscopy. A continuous wave impact
ionization avalanche transit-time diode-emitter at the 0.2 THz frequency (the
𝝀 = 1.5 mm wavelength) and a Golay detector are used for building a solid
immersion microscope. Numerical and experimental studies reveal
0.06–0.11𝝀 resolution of the developed microscope. This is the highest
normalized resolution ever reported for any solid immersion imaging systems.

1. Introduction

Solid immersion (SI) microscopy was originally introduced to
overcome the ≃ 0.5𝜆 Abbe resolution limit of bulk optics in
the visible range.[1] The essence of the SI effect is a reduction
in the dimensions of the focal spot, when it is formed in free
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space, at a subwavelength (<𝜆) distance
behind the flat surface of a high-refractive-
index (RI) SI lens. In such lenses, the beam
size is determined by the net contribution
from both the propagating and evanescent
waves, while the latter are excited at the
lens—object flat interface due to the total
internal reflection (TIR) phenomenon.[2]

Compared to a regular lens, the focal spot
size of an SI lens is reduced by a factor
proportional to the SI lens RI.[2] Thus,
using materials with high-to-moderate RIs
(such as high-density glass, silicon, etc.)
with a resolution as high as 0.15–0.5𝜆
was demonstrated.[3] In addition to sub-
wavelength resolution, SI microscopy also
offers advanced energy efficiency when
compared to other near-field imaging
modalities. This is thanks to the absence of
any sub-wavelength probes and apertures in
the optical path. This allows implementing
SI microscopes using common low-power
emitters and uncooled detectors. For a

detailed comparison of various subwavelength imaging modal-
ities and a discussion of the comparative advantages of SI mi-
croscopy, refer to our recent review paper.[2]

To date, a variety of SI lenses have been developed exploiting
different material platforms and fabrication strategies, geome-
tries, and optical designs[2,4–9] from ultraviolet to terahertz
(THz) spectral ranges. Moreover, SI microscopy was applied to
solve many demanding fundamental and applied problems in
super-resolution visible,[10] infrared (thermal)[11] and Raman[12]

imaging, condensed matter physics and superconductivity,[13–16]

quantum sciences,[17,18] data storage,[19] non-destructive
evaluations,[20] biomedicine[21] and other disciplines.

Most recently, SI microscopy was translated into the THz
range with frequencies in the 𝜈 ≈ 10−1–101 THz range.[22–24]

In particular, our team developed the reflection-mode THz SI
microscope,[25] using a SI THz lens comprised of a wide-aperture
aspherical polymer singlet[26] and a high-resistivity silicon hemi-
sphere with the THz RI of nSi ≃ 3.414, negligible dispersion and
absorption.[27] In turn, the silicon hemisphere is comprised of
two mechanical elements—a rigidly-fixed hypohemisphere and
a movable window, which are kept in contact and, thus, form a
unitary optical element. Such a composite structure makes possi-
ble imaging of soft objects (including biological tissues) placed on
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Figure 1. Reflection-mode continuous-wave THz SI microscope based on the composite rutile hemisphere. a) Schematic of the SI lens that comprises
a wide-aperture aspherical polymer singlet (not shown), a rigidly-fixed rutile hypohemisphere and a movable rutile window that together form a proper
hemisphere. b,c) Photos of the fabricated rutile hypohemisphere and window. d) Schematic of a THz SI microscope that uses a rutile-based SI lens, an
IMPATT diode emitter, and a Golay detector. e) Schematic of the holder for measurement of the liquid test objects.

top of a movable window, which is raster-scanned with a focused
THz beam.[3,25] Using the THz SI microscope with a silicon-
based SI lens, the record-breaking 0.15𝜆 resolution was achieved
when imaging amplitude masks (with air-filled cutouts) placed
in the SI lens shadow side[25]; while the dependence of the SI mi-
croscope resolution on the object RI and losses was studied in
ref. [28]. Furthermore, the analytical and numerical models for
the formation of a sub-wavelength beam spot by the SI lens were
reported in ref. [29]. We then applied our THz SI microscope to
visualize margins and heterogeneity of the glioma models from
rats ex vivo,[29–31] as well as to study heterogeneous decellularized
tissues during their interactions with a humid atmosphere.[32]

Up till now, further improvement of the SI microscopy resolu-
tion was hampered by the limited RIs of the naturally-occurring
optically-transparent materials, which in the THz spectral range
are typically lower than that of silicon n ⩽ 3.0–3.5. An interest-
ing approach to increasing the lens RI was reported in refs. [10,
33], where composite SI lenses were fabricated either by self-
assembly of the high-RI TiO2 nanoparticles from colloidal sus-
pension (for the visible range), or by pressing the mixture of TiO2
and polymer micro-powders (for the THz range), respectively. In
ref. [33], the THz RI of such a composite SI lens reached n = 4,
but the resultant material suffered from high THz-beam attenu-
ation due to absorption and scattering.

To further increase the resolution of SI microscopes, in this
paper, a high-RI rutile (TiO2) bulk crystal is studied, for the first
time, as a novel material platform for SI lens fabrication in the
THz range. We conduct both full-vectorial numerical simula-
tions and experimental studies of SI imaging using the reflection-
mode continuous-wave THz SI microscope operating at 𝜆 =
1.5 mm (𝜈 ≃ 0.2 THz). The results of our study confirm the su-
perior 0.06–0.11𝜆 resolution of the rutile-based THz SI lenses
compared to any other previously reported SI lens material. Our
findings pave the way for the use of rutile optics as a novel mate-
rial platform for the superresolution THz microscopy.[34]

2. Design and Fabrication of the Rutile SI Lens

For this study, we chose the SI lens geometry shown in Figure 1a,
which is similar to that detailed in ref. [25]. It features a wide-

aperture aspherical polymer singlet,[26] and a composite hemi-
sphere made of rutile. The singlet with a focal length of 15 mm
and a diameter of 25 mm is illuminated by a collimated THz
beam to form a convergent wavefront. The rutile hemisphere
with a diameter of 10 mm and a thickness of 5 mm is mounted
after a singlet so that its spherical surface is irradiated by the con-
vergent wavefront, while its flat surface is coincident with the
singlet focal plane. For such a SI lens geometry, no refraction
is expected at the spherical surface of rutile hemisphere. The dis-
tance between the singlet and hemisphere is ≃ 2.7 mm. The ru-
tile hemisphere serves as a resolution enhancer, with the sub-
wavelength THz-beam caustic formed at its flat surface (i.e., an
imaging plane).[2,25,29]

The composite rutile hemisphere is comprised of a 4-mm-
thick rigidly-fixed hypohemisphere (Figure 1b) and a 1-mm-thick
movable window (Figure 1c), which are kept in contact with no
refraction between them. The movable rutile window serves as a
sample holder and allows raster-scanning of the imaged objects
with a focused THz beam. For the details of rutile optics fabrica-
tion, see the Experimental Section.

Since the optically-anisotropic dielectric response of a rutile
crystal depends significantly on the crystal growth method and
conditions,[35] our crystal (RusGems) is first characterized using
the in-house THz pulsed spectrometer; see Experimental sec-
tion. In particular, at 𝜆 = 1.5 mm (𝜈 ≃ 0.2 THz), the ordinary
and extraordinary RIs of rutile were found to be no

TiO2 = 9.83 and
ne

TiO2 = 13.58, respectively, while the THz-wave absorption coeffi-
cient was estimated to be 𝛼TiO2 = 0.2 cm−1, by power. In Figure 1a,
the rutile c-axis is oriented collinearly with the optical axis to min-
imize the effect of the crystal anisotropy on the focusing proper-
ties of a SI lens.

Figure 1d shows a schematic of the reflection-mode THz SI
microscope, which is similar to its silicon-based counterpart.[3,25]

The THz beam is first modulated at ≃ 23 Hz by a mechanical
chopper, and then detected using a Golay cell (GPI RAS) aided by
a lock-in detector to enhance the signal-to-noise ratio. Unlike in
our previous works,[3,25] where a bulky backward-wave oscillator
was used as a THz source, here we resort to a much smaller and
portable continuous-wave impact ionization avalanche transit-
time (IMPATT) diode-emitter (TeraSense Group),[36] with the
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Figure 2. Comparison of the theoretical and experimental studies for the resolution of a rutile SI lens. a) 3D-FEFD intensity distribution at the planar
interface of a SIL lens bordering water as an imaged object. b) Comparison of the SI lens resolutions for aqueous mixtures of PG as predicted by the
3D-FEFD and the experimentally-measured ones as a function of the PG concentration and RI. The 3D-FEFD predictions for the SI lens depth of field
are also presented. c) THz microscopic image of a 100% PG–metal interface with an abrupt reflectivity change. d) Intensity profile estimated from the
THz image in panel (c) and its first derivative, along with a smoothed fit, treated as a focal spot.

non-polarized output (the degree of polarization is ≃ 0.7), the
output wavelength of 𝜆 = 1.5 mm (𝜈 ≃ 0.2 THz), and the beam
power of 100 mW. However, due to poor long-term stability of the
IMPATT output power (fluctuations of a few percent), which is
comparable to the THz image contrast, an additional pyroelectric
detector (also with lock-in) is used for continuous calibration of
the THz beam power. Thus, for each measurement (pixel), the
THz beam power scattered by a sample and detected by the Go-
lay cell is normalized by that captured by the pyroelectric detec-
tor. The THz image was formed by raster scanning the object
with the spatial step of the lateral window translations as small
as 0.025𝜆, satisfying the Nyquist–Shannon–Kotelnikov sampling
theorem.[37]

In Figure 1e, schematic of the liquid test sample confined by an
inverted polymer cuvette atop a movable rutile window is shown.
It makes possible imaging the liquid object-metal interfaces (i.e.,
“razor blade” method) to study the dependence of microscope
resolution on the liquid object’s optical properties.

3. Numerical and Experimental Studies of the SI
Lens Resolution

Numerical simulation of the TiO2 SI lens focusing properties
was carried out using the 3D finite-element frequency-domain
method (3D FEFD) which includes material anisotropy for rutile
material as detailed in the Experimental Section. In ref. [29], we
detailed how the focusing efficacy of an SI lens system featuring
an axis of rotational symmetry can be analyzed using 3D-FEFD
and assuming linearly polarized illumination. In Figure 2a, we
present intensity distribution on the SI lens surface that borders
with water as an imaged object with the RI and power loss of
nOBJ = 2.6 and 𝛼OBJ = 100 cm−1, respectively, at 0.2 THz. In this
case, the beam spot shape is strongly elliptical with dimensions
of 𝛿y = 0.06𝜆 and 𝛿x = 0.10𝜆. In this simulation, the electric field
polarization is along the OX axis, and 𝛿 is estimated as the full-
width at half-maximum (FWHM) of the THz focal spot.

Generally, the use of optically-anisotropic wide-aperture focus-
ing elements can change the polarization of incident wave and,
thus, form a beam spot with a more complex (non-linear) polar-
ization state. In our case, due to the choice of a crystal c-axis
along the optical symmetry axis, the resultant SI lens geome-
try is axisymmetric. As a result, one can show theoretically us-
ing decomposition onto pure angular momentum Bessel beams,
that when such a lens is excited with a linearly-polarized paral-
lel beam propagating along the optical axis, the transverse fields
in the focal beam spot are also linearly polarized. For details, see
the theoretical calculations underlying the 3D FEFD method in
the Experimental Section. One has to keep in mind that at the
focal spot, there can also be a strong contribution of a longitu-
dinal component of the electric field (directed along the optical
axis) that might have a non-trivial angular dependence, which is
also the case for SI lenses made of isotropic materials. There-
fore, from the viewpoint of focal spot polarization, the anisotropic
rutile-based THz SI lens studied in this paper works similarly to
optically-isotropic SI lenses. This is also confirmed directly by the
3D FEFD method which allows a quasi-2D formulation even in
the case of optically anisotropic axisymmetric systems as detailed
in the Experimental Section. Therefore, any changes in polariza-
tion state of the THz beam spot and back-reflected wave result
predominantly from the misalignment of the microscope optical
elements and the direction of the rutile c-axis, as well as from
wave scattering on the heterogeneities of the object under study.

Finally, we note that accounting for the birefringence of an SI
lens material is not trivial, and should be ideally performed using
fully vectorial 3D simulations. For isotropic materials (e.g., Si),
the hemispherical geometry of an SI lens results in broadband
operation when its spherical surface is concentric to the conver-
gent spherical wavefront. For anisotropic materials (e.g., rutile)
with a c-axis oriented along the optical symmetry axis, while one
preserves rotational symmetry of the system, however, ordinary
and extraordinary waves propagate inside the hemisphere with
different group and phase velocities, thus, complicating the beam
spot formation at the lens flat interface, and leading to potentially
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frequency-dependent spot size, and high sensitivity to the lens ge-
ometry.

Since resolution and overall performance of SI optics is typ-
ically object-dependent,[28] in Figure 2b, the normalized resolu-
tion parameter 𝛿 is studied as a function of the object RI nOBJ.
To further verify the results of numerical simulations with ex-
periment, we considered aqueous solutions of propylene glycol
(PG), the RI, and losses of which decrease monotonically in the
ranges of nOBJ = 2.6–1.77 and 𝛼OBJ = 100–5 cm−1 when the PG
concentration CPG increases from 0% to 100% (by volume). The
THz optical properties of these solutions, as found using the THz
pulsed spectroscopy, are presented in the Experimental Section.
As discussed in ref. [29], this range of material parameters is close
to that of biological tissues and, thus, it is of particular impor-
tance for biomedical applications. From Figure 2b, we see that
for these values of the object optical parameters the 3D-FEFD
simulations predict anisotropic resolution of 𝛿y = 0.056–0.058𝜆
and 𝛿x = 0.084–0.102𝜆, assuming that the electric field E of an
incident plane wave is directed along the OX axis.

Experimentally, a polymer cuvette is placed atop the rutile
hemisphere, into which a metal blade is inserted at the base. The
cuvette is either empty (air) or filled with different liquids, to form
a dielectric-metal interface of tunable RI (see Figure 1e). Particu-
larly, the PG aqueous solutions of different concentrations (CPG
= 0.0−1.0 by volume) are used as liquid, similarly to ref. [29]. In
Figure 2b, we see that the experimental resolution is found to be
𝛿 = 0.115𝜆 for air, and 𝛿 = 0.067–0.127𝜆 for the PG aqueous solu-
tions. As we used a non-polarized THz-wave emitter in our setup,
the experimental resolution values fall expectedly in between the
numerical curves predicted for the two orthogonal directions to-
ward the linearly-polarized electric field E.

It is crucial to note that the predicted 1.5–2.0-fold difference
in resolutions across the two orthogonal directions of the image
plane is primarily attributed to the varying contributions of the
axial (OZ) electric field in these two directions. If one calculates
the intensity based on the transverse electric field components
alone, the focal spot is almost perfectly circular with the size 𝛿 ≃

0.06𝜆. Therefore, object geometry and orientation can influence
the experimentally-measured resolution, and further studies are
still in order. Finally, in Figure 2, the 3D-FEFD method predicts a
deeply subwavelength depth of field for our imaging system (i.e.,
the beam caustic size in the axial direction), which is about ≃

0.011𝜆.
In Table 1, we summarize the resolution data of some notable

optical systems that operate based on the SI effect across differ-
ent ranges of the electromagnetic spectrum. In our analysis, we
include only those SI lenses, which were characterized via com-
mon resolution criteria, such as Rayleigh’s Airy disc radius, or
the beam spot size at the FWHM level. We note that resolution of
the THz rutile SI lens surpasses resolutions of all the previously
developed THz SI lenses made of silicon for the THz range (see
line 19 of Table 1), as well as all other lenses developed for the
visible, near- and middle-infrared, and millimeter-wave ranges.

4. Deep Subwavelength Imaging with Rutile SI
Lens

Rutile-based THz SI microscope is then applied to explore the
limits of deep subwavelength imaging. In Figure 3a–f, we present

photos and THz images of the 3D-printed logos of the GPI RAS,
Polytechnique Montreal, and ISSP RAS (the institutions involved
in this study). Logos of the GPI RAS and Polytechnique Mon-
treal were made of the conductive compound of acrylonitrile bu-
tadiene styrene (ABS) polymer and carbon nanotubes with the
resistivity of 4.64 × 102 Ω˜cm, while that of ISSP RAS - the
polylactic acid (PLA) polymer. The depth of letters in all logos
is 0.4 mm, which is much larger than the depth of field of our SI
lens (Figure 2b). The width of letters is 0.4 mm or 0.27𝜆, being
limited by the minimal diameter of a nozzle in our 3D printer
(FlashForge Creator Pro 2). The sub-wavelength scale letters are
clearly readable in all the THz images.

Additionally, in Figure 3g,h, we show photo and THz image
of the stretchable Fresnel zone-plate formed via the carbon nan-
otubes deposition on a polymer film.[54] This THz optical element
was developed and characterized in ref. [55]. From the THz image
of this element, we also clearly observed distinct sub-wavelength
scale Fresnel zones formed by conductive nanotubes. Therefore,
our THz microscope can also image objects with variable electric
conductivity (dielectric versus conductive regions) with impres-
sive spatial resolution.

5. Discussion

The achieved record spatial resolution of the rutile-based THz
SI microscope can find applications in different branches of
THz science and technology. Among them, we particularly
note medical diagnosis and biology,[31,56] non-destructive test-
ing of materials,[57] and electronic circuits,[58] quality control in
pharmaceutical[59] and food[60] industries.

At the same time, together with an impressive resolution come
several challenges inherent to our system. First, the very high
RI of rutile crystal greatly decreases the energy efficiency of our
microscope, due to high Fresnel loss at the air-rutile interface.
In principle, for narrow-band operation, this difficulty can be
mitigated by employing an anti-reflection coating on the crys-
tal surface. Second, due to high RI, a significant fraction of
the THz beam aperture in our system undergoes TIR at the
flat rutile-object interface (Figure 1a). Namely, with air on the
shadow side of a SI lens, the critical TIR angle is only 𝜃TIR =
arcsin(nair∕no

TiO2) ≃ 6◦. This means that the response of our sys-
tem is less sensitive to small variations in the object RI, as com-
pared to SI lenses made of lower-RI materials, such as silicon.[29]

Finally, we notice that, due to very high resolution and need for
the rutile crystal c-axis to be oriented along the optical axis (to
maintain the isotropic response of a microscope), the developed
optical system demands more accurate fabrication and assembly
as compared to the more standard THz SI microscopes that use
lower-RI silicon lenses.[25]

Although in the present work we considered the THz SI
microscopy in the continuous-wave reflection-mode modality, a
transmission mode can also be realized.[24] Moreover, the thus de-
veloped THz SI microscope can be applied to quantitative imag-
ing, that is for estimation of the object’s optical properties at
a given frequency.[29] Furthermore, a rutile lens can be com-
bined with sources and detectors of THz pulses, thus, merging
THz SI microscopy and THz pulsed spectroscopy for the detec-
tion of broadband spectra with sub-wavelength spatial resolu-
tion. However, one has to be aware of the rapid increase of rutile
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Table 1. The spatial resolution of some representative SI lenses, where the
items are sorted by increasing of resolution.

# Resolution Spectral range Wavelength, 𝜆 SI lens material Ref.

1 0.49𝜆 THz 637 μm Si [38]

2 0.43𝜆 Near-infrared 0.83 μm Glass [39]

3 0.41𝜆 Visible–near-infrared 0.78 μm Glass [40]

4 0.4𝜆 Near-infrared 1.1–1.7 μm Si [41]

5 0.35𝜆 THz 500 μm Si [42]

6 0.34𝜆 Mid-infrared 5 μm Si [43]

7 0.33𝜆 Near-infrared 0.8–1.1 μm Al2O3 [44]

8 0.31𝜆 Near-infrared 0.815 μm ZrO2 [45]

9 0.3𝜆 Millimeter-wave 1500–3000 μm Al2O3 [46]

10 0.28𝜆 Mid-infrared 5 μm Si [47]

11 0.28𝜆 Visible 0.6328 μm LaSFN9 glass [48]

12 0.23𝜆 Mid-infrared 10.7 μm Si [49]

13 0.23𝜆 Visible 0.436 μm Glass [1]

14 0.21𝜆 Near-infrared 1.53 μm Si [50]

15 0.2–0.3𝜆 THz 3.3 mm TiO2/PP [33]

16 0.2–0.23𝜆 Mid-infrared 9.3–10.7 μm Si [51]

17 0.2𝜆 Mid-infrared 9.3 μm Si [52]

18 0.15–0.31𝜆 Near-infrared 1.2 μm Si [53]

19 0.15𝜆 THz 500 μm Si [25]

material loss and dispersion at higher THz frequencies, as shown
in the Experimental Section. Rutile lens can also be implemented
in various other designs, such as hyper-hemispherical super-SI
lens (Weirstrass lens),[21] diffractive,[5] microfabricated,[4,12] and
endoscopic[61] SI lenses. All these arrangements and schemes are

to be used for alternative implementations of super-resolution
THz microscopy.

6. Conclusions

In this work, we investigated both numerically and experimen-
tally the rutile (TiO2) SI lens having the impressive RI of ≈10 at
THz frequencies for applications in superresolution microscopy.
Our theoretical and experimental findings revealed that rutile SI
lens enables a record-breaking (for SI optics) spatial resolution
of 0.06–0.11𝜆, which is 5–10 times lower than the ≃ 0.5 Abbe
diffraction limit of free space optics. Such a high resolution rep-
resents considerable advancement over all the prior-reported SI
lenses in all the spectral ranges from the visible to the microwave.
Our findings pave the way for new generation of rutile-based SI
optics in super-resolution THz imaging.

7. Experimental Section
Fabrication of the Rutile Optics: A cube with the dimensions of 11 ×

11 × 11 mm3 was cut out of the rutile crystal (came from the RusGem,
Russia) (see Figure 4a). It was rounded into a sphere with the diameter of
10 mm (see Figure 4b), which was then polished using a diamond powder
and a bowl made of beech with the spherical surface coated by a velvet.
This sphere was cut into a 5-mm-thick hemisphere and a 4-mm-thick hy-
pohemisphere, with the polished flat surfaces and the rutile c-axis directed
along the optical axis; see Figure 4c,d, respectively.

A 1-mm-thick rutile window with the surface area of ≃ 3 cm2 and the
rutile c-axis in the direction of the optical axis was cut off the bulk crystal,
grinded, and polished from both sides; see Figure 4e. Together with the
4-mm-thick hypohemisphere, this window forms a unitary hemispherical
rutile lens with the total thickness of 5 mm. Another 1-mm-thick window
with a similar surface area, and the rutile c-axis in plane of optical surfaces
was cut off the bulk crystal for further spectroscopic characterization of
the anisotropic THz dielectric response of our rutile crystal.[35]

Figure 3. THz SI microscopy of objects with subwavelength features. a–f) Photos and THz images of the 3D-printed polymer logos of GPI RAS and
Polytechnique Montreal (both are made of the conductive ABS polymer), as well as ISSP RAS (PLA polymer). g,h) Photo of the stretchable carbon
nanotubes-based THz Fresnel zone-plate, reported in ref. [55], and THz image of its fragment, respectively.
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Figure 4. Fabrication of the TiO2 hypohemisphere and window. a) A photo
that illustrates cutting a cube with the dimensions of 11 × 11 × 11 mm3

from a bulk rutile crystal. b) A photo of the 10-mm-diameter rutile sphere
obtained from the cube by mechanical rounding, grinding, and polishing.
c,d) Photos of the rutile hemisphere and hypohemisphere cut from the
sphere and polished. e) A photo of the 1-mm-thick rutile window cut of
a bulk crystal, grinded and polished. In the scale bars, 𝜆 = 1.5 mm (𝜈 ≃

0.2 THz) corresponds to the operation wavelength of our THz microscope.

Finally, a wide-aperture aspherical polymer singlet,[26] a rutile hypo-
hemisphere, and a rutile window were assembled into the desired SI lens
as detailed in the main manuscript text and refs. [3, 25].

THz Pulsed Spectroscopy of Rutile: In order to study the anisotropic
THz optical properties of rutile crystal, an in-house transmission-mode
THz pulsed spectrometer was used, that relied on a pair of photoconduc-
tive antennas, as an emitter and detector of THz pulses. It had a vacu-
umized THz beam path, that prevented an impact of the water vapor in a
humid atmosphere on the measured THz data and extended the spectral
range of the sample characterization. It was also equipped with a pair of
the free-standing metal-grid polarizers, aimed of the polarization-sensitive
THz measurements.[62–64]

To retrieve the THz optical properties of the rutile window, an approach
detailed in refs. [65, 66] was used. In Figure 5, the measured refractive
indices n and absorption coefficients 𝛼 (by power) are shown for the ordi-
nary and extraordinary rays of a rutile crystal in the 0.1–0.8 THz range. The
measurement bandwidth was limited by both the detector sensitivity and a
high Fresnel loss at the free-space–rutile interfaces. A red dashed curve in
Figure 5, corresponds to the 0.2 THz working frequency (the 𝜆 = 1.5 mm
wavelength) of the THz SI microscope. At this frequency, the ordinary and
extraordinary RIs of rutile were as high as no

TiO2 = 9.83 and ne
TiO2 = 13.58,

respectively, while its absorption coefficients were relatively small (𝛼TiO2 <

0.5 cm−1, by power), for the considered thicknesses of the rutile optical el-
ements. These optical constants of rutile were used in numerical analysis
of our SI lens.

Numerical Modeling of the SI Lens: Numerical modeling of the devel-
oped SI lens, which included both an aspherical singlet and a composite
SI hemisphere, was carried out using the 3D FEFD method[67] within the
COMSOL Multiphysics Software.

Axial symmetry of the SI lens allowed the reduction of a 3D problem
to a quasi-2D in cylindrical coordinates with a rotational symmetry axis
directed along the main optical axis. The 3D FEFD modeling was per-
formed using a 2D cross-section of an optical system in cylindrical co-
ordinates. Cylindrical perfectly matched layers were applied at the bound-
aries of a computational volume to suppress non-physical back-scattering
of the electromagnetic waves. Two circularly polarized plane waves with
the wavelength of 𝜆 = 1.5 mm and angular momenta of m = ±1 were in-
troduced into the simulation volume using the total-field/scattered-field
approach. Thus, obtained two sets of solution fields were then coherently
added, to get a solution that corresponded to a linearly-polarized plane
wave excitation field.

In these simulations, the rutile c-axis to be directed along the optical
axis of the system was considered and the experimentally-obtained ordi-
nary no

TiO2 = 9.83 and extraordinary ne
TiO2 = 13.58 refractive indices of ru-

tile at 0.2 THz (𝜆= 1.5 mm) were used, while for both ordinary and extraor-
dinary rays, the THz absorption coefficient was set to 𝜆TiO2 = 0.5 cm−1

(by power). Spatial distribution of the THz-field intensity in a modeled
3D space was calculated as I(r)∝|E(r)|2, where r is a 3D radius vector.
Panel (a) in Figure 6 corresponds to the axial cross section of an optical
system, which is collinear to the optical axis and the electric field vector E.
In (b), intensity distribution over the focal (object) plane is shown, defin-
ing the focal spot geometry (point spread function) of this system. Note
that thus presented numerical data corresponded to water at the SI lens
shadow side.

The THz beam spot sizes were calculated as FWHM of the intensity dis-
tributions at the flat surface of a hemisphere from the air side. In Figure 6b,
the electric field vector was directed along the OX-axis, while the beam spot
sizes along OX and OY and, thus, the resultant resolution parameters are
as small as 𝛿OX = 0.10𝜆 and 𝛿OY = 0.06𝜆, respectively.

Details of the Quasi-3D Numerical Analysis for the Linear Polarized Modes:
Consider a vector amplitude of a plane wave source in the Cartesian coordi-
nates ECart = (Ex, Ey, Ez). Particularly, for the OX-polarized unit-amplitude
plane wave

EPW, PolOX
Cart = (1, 0, 0) (1)

Cylindrical coordinate system E = (E𝜌, E𝜃 , Ez) was now resorted by using
the following transformations:

E𝜌 = Ex cos (𝜃) + Ey sin (𝜃), E𝜃 = −Ex sin (𝜃) + Ey cos (𝜃) (2)

In the Cylindrical coordinate system, the OX polarized unit-amplitude
plane wave becomes

EPW, PolOX
Cyl

= (cos (𝜃),− sin (𝜃), 0) = 1
2

((1, i, 0) exp (i𝜙)

+ (1,−i, 0) exp (−i𝜙)) (3)

where (1, i, 0)exp (iϕ) and (1, −i, 0)exp (− iϕ) are states with the angular
momentum of m = 1 and m =−1, correspondingly. Therefore, in the cylin-
drical coordinates, an incoming OX-polarized plane wave that propagates
along the OZ-direction (along the optical axis) could be represented as a
superposition of the two pure angular momentum states, m ± 1.

Simulation was performed via the COMSOL Multiphysics Software us-
ing the total-field/scattered-field approach to introduce the ideally-plane
wave into the simulated volume and the OZ rotational symmetry axis. The
native coordinate system for this calculation was a cylindrical one. As a

Adv. Optical Mater. 2024, 12, 2300927 © 2023 Wiley-VCH GmbH2300927 (6 of 10)
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Figure 5. THz refractive index n and absorption coefficient 𝛼 (by power) of the rutile crystal for a) ordinary and b) extraordinary rays. The vertical
red-colored dashed line shows the frequency of 0.2 THz, at which our THz microscope operates.

source, a plane wave with a pure m = 1 state was used, which in the Cylin-
drical coordinates has the form

ESource, m=1
Cyl

= (1, i, 0) exp (i𝜃) (4)

As a result of simulations, electromagnetic fields were retrieved in a pure
m = 1 state

ESol, m=1
Cyl

=
(

e1
𝜌
(𝜌, z), e1

𝜃
(𝜌, z), e1

z (𝜌, z)
)

exp (i𝜃),

HSol, m=1
Cyl

=
(

h1
𝜌
(𝜌, z), h1

𝜃
(𝜌, z), h1

z (𝜌, z)
)

exp (i𝜃)
(5)

Next, a plane wave with a pure m = −1 state was used as a source,
which in cylindrical coordinates is given by

ESource, m=−1
Cyl

= (−1, i, 0) exp (−i𝜃) (6)

After simulations, electromagnetic fields were retreived in a pure m = −1
state:

ESol, m=−1
Cyl

=
(

e−1
𝜌

(𝜌, z), e−1
𝜃

(𝜌, z), e−1
z (𝜌, z)

)
exp (−i𝜃),

HSol, m=−1
Cyl

=
(

h−1
𝜌

(𝜌, z), h−1
𝜃

(𝜌, z), h−1
z (𝜌, z)

)
exp (−i𝜃)

(7)

Figure 6. Numerical 3D FEFD estimation of the electric field intensity dis-
tribution I(r)∝|E(r)|2 in a) the axial cross-section and b) the focal/object
plane of the SI lens, with a free space at its shadow side.

Note that, in fact, there was no need to recalculate the fields for the m =
−1 state, as they could be found analytically from the fields of the m = 1
state due to the axial symmetry:

(
e−1
𝜌

(𝜌, z), e−1
𝜃

(𝜌, z), e−1
z (𝜌, z)

)
=
(

e1
𝜌
(𝜌, z),−e1

𝜃
(𝜌, z), e1

z (𝜌, z)
)

,

(
h−1
𝜌

(𝜌, z), h−1
𝜃

(𝜌, z), h−1
z (𝜌, z)

)
=
(
−h1

𝜌
(𝜌, z), h1

𝜃
(𝜌, z),−h1

z (𝜌, z)
) (8)

which follows directly from the Maxwell’s equations.
As follows from (3), fields due to the scattering of an OX polarized wave

in Cylindrical coordinates are given by:

ESol, PolOX
Cyl

=1
2

(
ESol, m=1

Cyl
+ ESol, m=−1

Cyl

)
,

HSol, PolOX
Cyl

=1
2

(
HSol, m=1

Cyl
+ HSol, m=−1

Cyl

)
.

(9)

Particularly, for electric field, it was found

ESol, PolOX
Cyl

= 1
2

(
ESol, m=1

Cyl
+ ESol, m=−1

Cyl

)
= 1

2

((
e1
𝜌
(𝜌, z) , e1

𝜃
(𝜌, z), e1

z (𝜌, z)
)

exp (i𝜃)

+
(

e1
𝜌
(𝜌, z),−e1

𝜃
(𝜌, z), e1

z (𝜌, z)
)

exp (−i𝜃)
)

=
(

e1
𝜌
(𝜌, z) cos (𝜃), ie1

𝜃
(𝜌, z) sin (𝜃), e1

z (𝜌, z) cos (𝜃)
)
.

(10)

Finally, by making a coordinate transformation back into the Cartesian sys-
tem:

Ex =E𝜌 cos (𝜃) − E𝜃 sin (𝜃),

Ey =E𝜌 sin (𝜃) + E𝜃 cos (𝜃)
(11)

and using Equation (10), the field of a scattered OX-polarized plane wave
was found in terms of the fields found in COMSOL simulations

ESol, PolOX
Cart =

(
ESol, PolOX

x , ESol, PolOX
y , ESol, PolOX

z

)
(12)

Adv. Optical Mater. 2024, 12, 2300927 © 2023 Wiley-VCH GmbH2300927 (7 of 10)
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where

ESol, PolOX
x =e1

𝜌
(𝜌, z) cos2 (𝜃) − ie1

𝜃
(𝜌, z), sin2 (𝜃)

= 1
2

(
e1
𝜌
(𝜌, z) − ie1

𝜃
(𝜌, z)

)
+ 1

2

(
e1
𝜌
(𝜌, z) + ie1

𝜃
(𝜌, z)

)
cos (2𝜃),

ESol, PolOX
y = 1

2

(
e1
𝜌
(𝜌, z) + ie1

𝜃
(𝜌, z)

)
sin (2𝜃),

ESol, PolOX
z =e1

z (𝜌, z) cos (𝜃)

(13)

The electric field intensity distribution could also be calculated in the
Cartesian coordinate system

ISol, PolOX
Cart =|||ESol, PolOX

x
|||2 + |||ESol, PolOX

y
|||2 + |||ESol, PolOX

z
|||2

=
(|||e1

𝜌
(𝜌, z)|||2 + |||e1

z (𝜌, z)|||2
)

cos2 (𝜃) + |||e1
𝜃
(𝜌, z)|||2 sin2 (𝜃)

(14)

As the Ex component has a dominant angle-independent contribution,
in this sense, the transverse fields could be considered as OX polarized. At
the same time, it was important to understand the full-vectorial nature of
the fields to draw the proper conclusions. Also note that all the field com-
ponents were included in the calculation of intensity. It was also observed
that the strong asymmetry of the beam spot shape in Figure 6b comes
from a contribution of the OZ electric field component. If not for the OZ
component, the intensity distribution would be almost isotropic.

Finally, it was stressed that Equations (1)–(14) justify theoretically the
linear polarization of the focal spot transverse fields formed by the THz SI
lens, or by any other optical system with an axial symmetry.

THz Pulsed Spectroscopy of PG Aqueous Solutions: PG and its aqueous
solutions were used in this study for the fabrication of test objects applied
to examine the resolution and reflectivity of the SI lens; for the details, see
the main manuscript text or ref. [29]. PG and its aqueous solutions were
common hyperosmotic agents in the immersion optical clearing of tissues
in the visible, infrared, and even THz bands.[68–70] In refs. [64, 71], their op-
tical properties were studied (among other liquids), aimed at selecting the
optimal agents for the tissue immersion optical clearing in the THz range.

To prepare solutions, pure PG (came from ChemicalLine, Russia) and
deionized water (obtained by the HLP Hydrolab, Poland) were used. Aque-
ous solutions of PG were prepared by mixing the pure PG and deion-
ized water using the volume/volume method. Then, THz optical proper-
ties of liquids were studied experimentally using the abovementioned in-
house transmission-mode THz pulsed spectrometer, aided by judiciously-
designed equipment and data processing routine.[62–64]

In Figure 7, the measured refractive indices n and absorption coeffi-
cients 𝛼 (by power) were given for the analyzed liquids, which agree with
our earlier-reported data.[29,64,71] It was noticed that both refractive index
and absorption coefficient increased monotonically and almost linearly
with a decrease of PG content in a solution. Particularly, at 0.2 THz, the
refractive index n increased from 1.77 (for pure PG, 100%), to 2.60 (for
deionized water). This yielded a wide tunability of the THz optical proper-
ties of a test object during the experimental studies of the SI lens resolu-
tion and reflectivity.

THz SI Microscopy of the Liquid Test Objects: These liquid samples were
then applied to study the performance of the THz SI microscope. For this,
test samples were placed atop the SI lens. They form a lateral dielectric–
metal interface with abrupt reflectivity changes and a variable refractive
index of a dielectric medium. This interface was formed by a metal (dura-
lumin) plate placed in contact with a liquid inside a polymer cuvette atop
of the rutile window; see the main manuscript text.

In Figure 8, the THz SI microscopic images of the test samples are
shown. From these images, it was noticed that reflectivity of the metal
plate was much higher than that of dielectric media. Next, in Figure 9, es-
timation of the SI system spatial resolution, as a function of the refractive
index of an images object are illustrated. For this, point spread function
of an optical system was estimated as a first derivative of the intensity

Figure 7. THz refractive index n (a) and absorption coefficient 𝛼 (by
power) (b) of the deionized water, PG (100%), and its aqueous solutions
with the concentrations of 10–90% (by volume). The vertical red-colored
dashed line shows the 0.2 THz frequency of our THz microscope opera-
tion.

Figure 8. 0.2 THz (𝜆 = 1.5 mm) SI microscopy of the test samples in the
form of the dielectric–metal interfaces with abrupt reflectivity changes and
distinct refractive indices of a dielectric medium. a) An image of the water–
metal interface. b–l) Similar data for the 10–90% PG aqueous solutions (by
volume) and air, respectively, in place of a dielectric medium.

profile, that was transverse to the dielectric–metal edge, and the resolu-
tion parameter 𝛿 was calculated as the point spread function FWHM. A
superior spatial resolution is evident from our estimates, along with its
object-dependent character, while the latter agrees with ref. [28].

Estimation of the Point Spread Function of an Optical System Based on
Images of a Test Object with Abrupt Reflectivity Changes: Consider an

Adv. Optical Mater. 2024, 12, 2300927 © 2023 Wiley-VCH GmbH2300927 (8 of 10)
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Figure 9. Estimation of the object-dependent 0.2 THz (𝜆= 1.5 mm) SI mi-
croscopy resolution from the images of test objects with dielectric–metal
interfaces. a) Cross-section of the THz image I(x) in the direction trans-
verse to the water–metal interface (green curve), its first derivative dI(x)/dx
considered as the point spread function of an optical system (blue), as well
as its smoothed polynomial fit (red), where the resolution is estimated at
the FWHM level. b–l) Similar data for the 10–90% PG aqueous solutions
(by volume) and air, respectively, in place of a dielectric medium.

object with reflectivity profile defined by the Heaviside step function in
the OX direction

H(x) =

{
0 x < 0,
1 x ≥ 0

(15)

An image (an intensity profile) of such a 1D object can be defined via the
convolution between the Heaviside function H(x) and the point spread
function (beam spot) PSF(x) of an optical system

I(x) ∝ PSF(x) ⊗ H(x) = ∫
∞

−∞
PSF

(
x′
)
H
(
x − x′

)
dx′ (16)

Considering that the Heaviside function is an antiderivative of the Dirac
𝛿-function and using the 𝛿-function filtrating property, the following rela-
tion between the intensity profile derivative dI(x)/dx and the point spread
function PSF(x) can be obtained

dI(x)
dx

∝ d
dx ∫

∞

−∞
PSF

(
x′
)
H
(
x − x′

)
dx′

= ∫
∞

−∞
PSF

(
x′
) dH(x − x′)

dx
dx′

= ∫
∞

−∞
PSF

(
x′
) d

dx

(
𝛿
(
x − x′

)
dx
)
dx′

= ∫
∞

−∞
PSF

(
x′
)
𝛿
(
x − x′

)
dx′ = PSF(x) ⊗ 𝛿(x) = PSF(x)

(17)

In this way, the first derivative of the intensity profile dI(x)/dx can be treated
as the point spread function of an optical system.
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