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The solid immersion (SI) effect is widely used to increase the spatial resolution of optical focusing systems and
even overcome the Abbe diffraction limit. Resolution enhancement offered by a SI lens is mostly a function of
its geometry and refractive index nSI. While SI lenses are relatively well understood, the scaling of the resolution
enhancement by such lenses is still a subject of debate, with some works reporting 'nSI and 'n2

SI dependencies
for the hemispherical and hyperhemispherical SI lens configurations, respectively. In this paper, we offer a general
argument for a resolution limit for SI optics and, then, verify it via the numerical analysis of the hemispherical
and hyperhemispherical silicon SI lenses designed for the terahertz (THz) range. In fact, we find that there is no
contradiction in the reported resolution enhancements 'nSI and 'n2

SI; however, they happen in different opera-
tion regimes. We then demonstrate that the resolution values reported for the different SI lens arrangements in the
visible (VIS), near-, and middle-infrared (NIR and MIR), as well as THz bands obey the derived limit. Our findings
will be useful for the further design and applications of SI optics. © 2024 Optica Publishing Group. All rights, including

for text and datamining (TDM), Artificial Intelligence (AI) training, and similar technologies, are reserved.
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1. INTRODUCTION

Since the discovery of the SI effect in 1990 by Mansfield and
Kino [1], it has been vigorously explored and applied in a variety
of optical systems, operating in different spectral ranges. The
SI effect makes it possible to improve the spatial resolution of
almost any focusing system and even overcome the'0.5λAbbe
diffraction limit of free-space focusing (λ is a wavelength of light
in free space), while sustaining high energy efficiency thanks to
the absence of any sub-wavelength apertures or probes in the
optical assembly [2,3]. The essence of the SI effect is a reduction
in the dimensions of the beam focal spot, when it is focused at a
small distance (<λ) behind a back surface of a high-refractive-
index (nSI) SI lens. Both propagating waves (undergoing the
ordinary reflection/transmission at the back surface of a SI lens)
and evanescent waves [excited due to the total internal reflection
(TIR) and propagating along the surface] contribute to such
a focusing (Fig. 1). The resolution enhancement offered by a
SI lens increases with the lens refractive index nSI in a different
manner for the distinct SI lens arrangements. Another compli-
cation is that the resolution depends on the complex refractive
index of an imaged object [4].

Thanks to the conceptual simplicity, impressive resolu-
tion, and high energy efficiency, SI optics found numerous
applications in different branches of science and technol-
ogy [2,3], including the super-resolution microscopy in the

Fig. 1. Schematic of the spherical wave focusing at the shadow side
of a hemispherical SI lens, where a first focusing element (a standard
wide-aperture lens) is not shown, for simplicity.

VIS [5], NIR, and MIR [6] ranges, Raman [7] and photolu-
minescence [8] microscopy, condensed matter physics and
superconductivity [2,6,9], quantum science [10], data stor-
age [11], non-destructive testing [12], and biomedicine [13].
Recently, the SI effect was used in the THz range [14,15]
(frequencies of 0.1–10 THz, wavelengths of 3 mm–30 µm).
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Our group developed the reflection-mode continuous-wave
0.15λ-resolution THz SI microscope [16] based on a wide-
aperture aspherical polymer singlet [17] and a hemispherical SI
lens made of the high-resistivity float-zone silicon (HRFZ-Si,
nSi ' 3.414). We use a composite SI hemisphere, comprising
the rigidly fixed hypohemisphere and a movable flat window,
which form a unitary optical element. The window serves as a
sample holder and moves together with a sample to raster scan
its surface by a focused beam, which makes possible the THz
imaging of soft tissues [16,18,19]. We also developed the quan-
titative (capable of retrieving the local THz dielectric response
of an analyte) [18], polarization-sensitive [19], and endoscopic
[20] modalities of the THz SI microscopy by using the different
THz optical materials and SI lens arrangements. The THz SI
microscopy was adapted to work with the broadband THz
photoconductive antennas [21,22]. The most advanced THz
SI lens based on rutile (monocrystalline TiO2, nTiO2 ∼ 10)
demonstrated the resolution record of 0.06− 0.11λ [23].

Despite a strong interest in SI optics, there is still no consen-
sus on the maximal achievable resolution in such systems [2,3].
In fact, the standard methods employed for optical systems’
design and optimization rely on the principles of geometrical
optics, scalar diffraction theory, and Fourier optics. Such meth-
ods fail to provide reasonable predictions for the resolution
of a SI lens, due to its wide aperture, near-field operation, and
important contribution of evanescence waves. Therefore, the
resolution of SI lenses can be reliably analyzed by employing
the full-vectorial full-wave numerical analysis or experiments
[4,8,16,18,23–27]. Such analysis is still largely lacking in the
literature. In this paper, we offer a general argument for a reso-
lution limit for SI optics and verify it by a full-wave numerical
analysis of the THz-wave focusing by the common hemi-
spherical and hyperhemispherical reflection-mode SI lenses
made of the HRFZ-Si. We then demonstrate that the earlier-
reported resolution estimates for the VIS, NIR, MIR, and THz
SI lenses also respect the derived limit. Additionally, relying
on the numerical data, we compare the energy efficiency of the
hemispherical and hyperhemispherical SI lenses.

2. RESOLUTION LIMIT FOR A SI LENS

In Fig. 1, a schematic of the electromagnetic-beam focusing
by a hemispherical SI lens is presented. Depending on the
incidence angle of the incoming light, two light propagation
regimes are possible [3]. At small incidence angles, the light will
traverse the lens/object interface by undergoing the ordinary
Fresnel reflection/transmission [incidence angles smaller than
the critical TIR one θ < θTIR = arcsin(nobj/nSI), where nobj

is the refractive index of an object]. At higher incidence angles
θTIR ≤ θ ≤ σ , TIR at the lens/object boundary takes place lead-
ing to the excitation of the evanescent waves. The beam caustic is
formed as a result of constructive interference of the propagating
and evanescent waves in the close proximity to the SI lens back
surface [3].

The resolution enhancement for the reflection-mode SI lens
resulted from the electromagnetic wavelength reduction near
the analyzed interface (as compared to a free-space wavelength
λ) both for ordinary-reflected and evanescent waves. The ordi-
nary wave propagates through the high-refractive-index SI lens

material and is characterized by the following wavevector kord

and wavelengthλord:

kord = k0nSI, λord =
λ

nSI
, (1)

where k0 is a free-space wavevector. Here, λord is nSI-times
smaller than λ. The evanescent wave is excited at the SI lens–
object interface and propagates along this interface with the
wavevector kint

evan and the effective wavelengthλevan of

kint
evan = k0nSI sin θ, λevan =

λ

nSI sin θ
. (2)

Hereλevan is also reduced by a factor of nSI sin θ (or even∼nSI

at high apertures θ ) as compared to λ. The interference of these
waves leads to the intensity patterns along the interface with the
minimal dimensions of δSI ≡ λord/2' λevan/2. Thus, the reso-
lution limit for a SI lens can be defined as

δSI =
λ

2nSI
. (3)

It appears to be a function of only the SI lens refractive
index nSI and the free-space wavelength λ. Owing to the
wave nature of light, SI lenses of any configuration cannot
overcome this limitation, including the much studied hemi-
spherical and hyperhemispherical SI lenses [2]. It is worth
noting that despite the contribution of evanescent waves to the
electromagnetic-wave focusing by a SI lens, the derived reso-
lution limit appears to be quite similar to the Abbe diffraction
limit for the focusing inside a bulk solid material, or an immer-
sion liquid. Remarkably, the resolution limit given by Eq. (3) has
not been reported for a SI optics yet.

We should note that the proposed resolution limit Eq. (3) is
derived and can be applied only for the optical systems based
on the SI effect. Meanwhile it is not suitable for other near-field
imaging techniques, such as the dielectric-microparticle-assisted
and scanning-probe near-field optical microscopy.

3. NUMERICAL ANALYSIS OF THE
HEMISPHERICAL AND HYPERHEMISPHERICAL
SI LENSES

To verify this prediction, we numerically analyze the two most-
common SI lens geometries. They are comprised of an identical
basic focusing element (a standard wide-aperture lens that forms
a convergent wavefront with an aperture angle σ ) and different
HRFZ-Si SI lenses with nSI = 3.414, negligible dispersion, and
loss in the THz range [16]. We study the SI lenses of two types–
namely, the hemispherical and hyperhemispherical SI lenses
[Figs. 2(a) and 2(b)] with the beam focusing in the different
aplanatic points of a sphere [2].

• The hemispherical SI lens [Fig. 2(a)] with the radius
R = 5 mm uses the first aplanatic point coinciding with the
center of the sphere, or the center of its planar cut. The incident
convergent spherical wavefront is concentric to the SI lens
spherical surface (no refraction occurs at this surface). Such a SI
lens commonly offers the resolution enhancement of≈ nSI.

• The hyperhemispherical SI lens, also known as the
Weierstrass or super-SI lens [Fig. 2(b)], has the same radius
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Fig. 2. Numerical 2D FEFD modeling of SI lenses. (a), (b) Schematics of the hemispherical and hyperhemispherical HRFZ-Si SI lenses, along
with the numerical modeling domains. The blue arch is a source of a linearly polarized spherical wave with an adjustable aperture angle σ . The green
curve shows the PML boundary. The scattered light is TE polarized. (c)–(e) Field intensity distributions I ∝ |E|2 for the focused spherical wave (σ =
40◦, λ= 500 µm) in free space, or behind the hemispherical and hyperhemispherical lenses, respectively. Inserts show close-ups of the beam caustics.

R = 5 mm and exploits the second aplanatic point spaced at
the distance z0 = Rn0/nSI from the center of the sphere, where
n0 = 1 is the free-space refractive index. The lens thickness
R + z0 = 6.46 mm ensures the beam focusing at the planar
cut of the sphere, while the center of the sphere is located in
front of the focal point of the basic focusing element, at the
distance of z1 = RnSI/n0 = 17.1 mm. For such a SI lens, the
resolution enhancement is predicted to be as high as≈ n2

SI. The
superlinear scaling of the resolution enhancement is attributed
to the additional refraction at the spherical surface and suggests
that, for SI lenses of sufficiently high refractive index, the hyper-
hemispherical geometry should offer better resolution than the
hemispherical one. It also violates the theoretical limit stated in
Eq. (3).

The described hemispherical SI lens is equal to that detailed
in our previous research [16,18]. In Figs. 2(a) and 2(b), both
lenses are illuminated from the left by a convergent spherical
monochromatic wave with an adjustable aperture angle σ and
the frequency of ν ' 0.6 THz (the wavelength of λ= 500 µm).
The radii R and refractive index nSI of these lenses make them
large at the scale posed by the wavelengthλ� 2RnSI.

The finite-element frequency-domain (FEFD) method
within the COMSOL MultiPhysics software is applied to
numerically analyze the two SI lenses. In order to reduce the
simulation time and complexity, we employ the 2D geometry
(cylindrical optical elements), assuming that characteristics of
the 2D and 3D optical systems do not differ qualitatively [4].
The full-wave 2D simulations take into account all the main fea-
tures of the electromagnetic-wave–lens interaction and should
provide correct scaling relations for SI optics [4,18]. In Figs. 2(a)
and 2(b), a scheme of our numerical analysis is shown, where the
basic focusing element is substituted by a source of a convergent
spherical wave with a finite aperture σ . Such a source helps to
directly compare the performance of the two SI lenses, while
avoiding any issues on aberrations, Fresnel-loss, and apodization
of the beam in a basic focusing element. In this way, the lenses
are illuminated with a spherical wave of homogeneous inten-
sity distribution over the aperture and transverse electric (TE)
polarization (i.e., the electric field vector E is in the drawing
plane). The perfectly matched layers (PMLs) are positioned at
the computational cell extremities to absorb scattered waves.

Meshing with the deeply subwavelength maximal element size
� λ/nSI is used.

In Figs. 2(c)–2(e), the beam intensity distributions
I (r)∝ |E(r)|2 are calculated for the empty space and the
two SI lenses with σ = 40◦. The spatial resolution values δ were
estimated from thus calculated beam spots at the full-width
at half-maximum (FWHM) level and, then, normalized to
the wavelength λ. For the SI lenses, the beam spot geometry is
analyzed in free space, at a short distance (≈ 1 µm) behind their
flat surfaces. In Fig. 3(a), we compare the calculated normalized
resolution parameter δ/λ as a function of the aperture angle σ
for the beam focusing in free space, and behind the hemispheri-
cal and hyperhemispherical SI lenses. For convenience, we also
indicate the free-space'0.5λAbbe limit and the derived SI lens
resolution limit of δSI ' 0.146λ, calculated for the particular
wavelength and the HRFZ-Si material. Interestingly, the beam
spot observed in the case of free-space focusing becomes slightly
smaller than the '0.5λ Abbe limit at high aperture angles
σ> 60◦, which was reported in the literature as the resolution
limit being affected by the particular intensity distribution
over the beam aperture [28,29]. In Fig. 3(b), the resolution
enhancement is shown by dividing the size of a focused beam in
free space by that formed by the SI lenses.

From Figs. 3(a) and 3(b), we notice that both SI lenses
overcome the free-space '0.5λ Abbe resolution limit. The
hemispherical SI lens provides a moderate resolution enhance-
ment, which is close to the expected value nSI = 3.42 and
monotonically decreases with increasing aperture angle σ . At
higher angles σ> 60◦, the SI hemisphere resolution reaches
the derived resolution limit δSI [Eq. (3)]. In turn, the hyper-
hemispherical SI lens provides the overall higher resolution
enhancement. At lower apertures σ< 20◦, it is close to the
expected value n2

SI = 11.7. While increasing the aperture angle
σ , the resolution enhancement decreases monotonically. At
higher aperture angles σ> 60◦, the resolution enhancement of
the SI hyperhemisphere becomes close to that of the SI hemi-
sphere and approaches the inferred limit δSI [Eq. (3)]. From this,
we conclude that the superlinear resolution enhancement'n2

SI,
well-known for the SI hyperhemisphere from the literature
[2], is only achieved at low aperture values, where the resultant
spatial resolution of the total optical system is well above the
fundamental limit δSI. When increasing the aperture angle, both



7896 Vol. 63, No. 30 / 30 October 2024 / Applied Optics Research Article

Fig. 3. Numerical 2D FEFD estimates for the spatial resolution
of the free-space and SI focusing systems. (a) Normalized resolution
parameter δ/λ, as a function of the aperture angle σ , for the free-space
focusing, and the hemispherical and hyperhemispherical HRFZ-Si SI
lenses, as compared to the'0.5λAbbe limit and the derived resolution
limit for a SI lens [Eq. (3)]. (b) Resolution enhancement factor for the
two SI lenses, with the theoretical predictions of'nSI and'n2

SI shown
in gray.

Fig. 4. Numerical 2D FEFD simulations of the focal-spot intensity
for the free-space focusing, and hemispherical and hyperhemispherical
SI lenses, as a function of the aperture angle σ .

hemispherical and hyperhemispherical SI lenses reach the same
fundamental resolution limit given by δSI [Eq. (3)] resulting in
the same resolution enhancement of'nSI.

As mentioned above, along with the superior resolution,
high energy efficiency forms a main advantage of SI microscopy.
Relying on our 2D FEFD data, we also analyzed the focal-spot
intensity for the free-space focusing, as well as at the shadow
side of the hemispherical and hyperhemispherical THz SI lenses
made of the HRFZ-Si material. In Fig. 4, for the considered
focusing systems, we show the maximal intensity of the focal
spot, as a function of the aperture angle σ . We notice that the
hyperhemispherical SI lens provides the highest intensity at
lower apertures σ ≤ 20◦. In turn, at higher angles σ> 20◦,

the hemispherical SI lens offers the higher energy efficiency.
When the aperture angle further increases σ> 40◦, the energy
efficiency of the hyperhemispherical SI lens appears to be even
lower than that of the hemispherical one and the free-space
focusing. In this way, when the energy efficiency of an optical
system is critical, the hyperhemisphere should be applied at
lower apertures σ ≤ 20◦, while the hemisphere–at higher ones
σ> 20◦. The observed interplay between the lens geometry,
aperture angle, and focal-spot intensity can be attributed to
the angular-dependent Fresnel reflections at the interfaces.
In what follows, such an analysis is relevant only for the con-
sidered HRFZ-Si material at THz frequencies, and it should
be repeated when resorting to other geometry, material, or
operation wavelength of a SI lens.

4. RESOLUTION OF THE EARLIER-REPORTED
SI LENSES

Next, we analyze the literature data on the spatial resolution
of the different SI lens arrangements. We consider only those
works where the resolution is characterized using standard
criteria (such as the Rayleigh size, or the FWHM of the cen-
tral maximum in the beam spot), or measured experimentally
involving common approaches (such as the direct beam spot
visualization, or imaging using a razor blade) [23]. The SI sys-
tems characterized by any non-common resolution criterion, or
boosted by some image reconstruction procedures (for example,
see Ref. [13]) are excluded from our analysis. In Fig. 5, we show
the resolution limit normalized by the operation wavelength
δSI/λ as a function of the SI lens refractive index nSI [Eq. (3)].
We use the literature for the VIS, NIR, MIR, and THz SI lenses
fabricated of different high-refractive-index optical materials,
such as glasses [1,11,24,30,31], sapphire (monocrystalline
α−Al2O3) [9,14], zirconium dioxide (ZrO2) [32], silicon (Si,
including HRFZ-Si) [6,15,16,22,33–38], pressed titanium
dioxide micropowder and a compound of titanium dioxide and
polypropylene microparticles (TiO2/PP) [21], as well as bulk
rutile (monocrystalline TiO2) with its impressive THz refractive
index (∼10) and the highest resolution values ever reported for
the SI optics (0.06− 0.11λ) [23]. We notice that, while most of
these SI lenses overcome the free-space'0.5λ Abbe limit, all of
them obey the fundamental resolution limit δSI given by Eq. (3).

5. DISCUSSION

It is worth noting that, in this paper, we combined both numeri-
cal analysis and experiments to verify the derived limits of a SI
lens resolution [Eq. (3)]. First, we perform quite comprehensive
numerical analysis for the two SI lens arrangements to justify
the correctness of our theoretical considerations. Second, we
accumulate and analyze quite a large amount of the experimen-
tal data on the spatial resolution of SI lenses with the different
arrangements, materials, and spectral operation ranges, among
them: our original SI lenses made of silicon [4,16,18,19], rutile
[23], sapphire [20], and rutile micropowder-based composite
[21]. We use these experimental data from the earlier-published
papers to verify the derived limit in Fig. 5. Therefore, we claim
that our SI lens resolution limit [Eq. (3)] and the data from Fig. 5
can be useful when analyzing or predicting the resolution of
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Fig. 5. Comparison of the resolution values normalized by the
operation wavelength δ/λ reported for various VIS, NIR, MIR, and
THz SI lenses. Also shown are the '0.5λ Abbe limit and the funda-
mental resolution limit for SI lenses δSI given by Eq. (3). Horizontal
bars reflect SI lens material birefringence, while the vertical ones stand
for the SI lenses featuring the anisotropic beam spot, or designed for
the broadband applications.

almost any novel SI lens, given the applied high-refractive-index
material and operation wavelengths.

The resolution limit of SI optical systems established in this
work will be useful for their further design and implementation,
including the selection of appropriate high-refractive-index
optical materials and lens geometries, aimed at meeting the
demands of particular applications. Similar to the '0.5 and
'0.62 Abbe diffraction limits for the 2D (cylindrical elements)
and 3D optical systems, the derived resolution limit for a SI lens
can be generalized from the 2D to 3D cases, where the same
difference of several tens of percents is expected. However, when
generalizing to 3D, one needs to take into account possible
birefringence of the SI lens materials, beam polarization, focal
spot anisotropy, and ultimately object-dependent performance
of the SI optical systems [4,18,23]. Nevertheless, all these effects
should lead to a reduction in the SI lens resolution and cannot
help to overcome the fundamental resolution limit for a SI lens
given by Eq. (3).

We pay attention to the numerical analysis of SI lenses, which
focus the beam in an axial point and feature negligible fields
of view. In such a case, the image is collected by a raster scan
of an object by a beam caustic (focal spot), while a single-pixel
detector is used. Despite the majority of SI lenses operating in
such an axial-point regime, a wide-field SI lens also exists, with
the finite field of view and matrix detectors [35,36,38–40]. For
both the basic wide-aperture focusing element and the SI resolu-
tion enhancer, the wavefront aberrations increase (the resultant
image quality drops) with increasing field angles. For example,
the basic wide-aperture aspherical singlet [17] in our THz SI
microscope from Ref. [16] features the diffraction-limited field
of view as small as 2ω= 5◦, thus, limiting the total field of view

of our SI system. Meanwhile, for the hemispherical and hyper-
hemispherical SI lenses, the wavefront aberrations increase with
increasing field of view, because the beam is not focused in the
aplanatic point of a sphere at larger field angles. Moreover, the
energy efficiency of a SI lens should be a function of the field of
view, since at different field angles one should expect different
Fresnel losses at the SI lens spherical surface, as well as the differ-
ent TIR conditions at the SI lens–air/object interface [34,41].
Such a reduced image quality limits the reliability of the wide-
field SI microscopes. Nevertheless, since the same propagating
and evanescent waves contribute to the image formation at
higher field angles, the derived SI lens resolution limit [Eq. (3)]
should be relevant to the wide-field SI microscopes.

We focused on spatial resolution of a SI lens illuminated by
a coherent plane wave with a homogeneous intensity distribu-
tion over the beam aperture. In fact, this agrees well with our
experiments on THz SI microscopy with a backward-wave
oscillator [16] or a continuous-wave IMPATT diode [23], as a
continuous THz wave emitter. These two emitters and even the
THz heat waves from humans and other objects appear to be
coherent [42]. Thus, at the moment we have no option to study
experimentally the SI microscopy operation together with the
incoherent source or that with a finite coherence. Other research
topics to be addressed are the annular-aperture SI lenses and
speckle patterns (due to the finite coherence length and imaging
of scattering media), as well as their impact on the SI microscope
performance. However, these topics are out of the scope of this
paper, and we postponed them to our future studies.

Finally, we notice that the inferred SI lens resolution
limit [Eq. (3)] is eligible only for the large-scale (�λ) near-
focal lenses (resolution enhancers), those exploiting the SI
effect. Meanwhile, this limit is not relevant to the dielectric-
microparticle-assisted microscopy [43,44], which often relies on
the resonant (i.e., the Mie/Fabry–Perot resonances, whispering-
gallery modes, etc.) electromagnetic-wave interactions with
a mesoscale (∼λ) dielectric sphere, cuboid [45,46], particle
with a broken symmetry [47,48], or even the output end of an
optical fiber [49]. In a resonant case, such interaction leads to the
excitation of the so-called photonic jets–i.e., a sub-wavelength
beam caustics with the lateral dimensions smaller than the Abbe
limit [50]. One should not confuse these two modalities of
super-resolution near-field microscopy. To date, the mesoscale
dielectric-particle-assisted microscopy has been extensively
studied in the visible and IR ranges, as well as transferred to
the THz band [45,46]. Such systems operate in the near-
field regime and can provide the resolution as high as ∼0.1λ,
which is a function of not only the refractive index, but also
the dimensions and the shape of a mesoscale dielectric particle.
As compared to the SI microscopy, the mesoscale dielectric-
particle-assisted microscopy suffers from the problem of a small
dielectric particle handling in front of the focal plane during
imaging. Moreover, as pointed out in Ref. [51], a favorable
combination of the SI and photonic jet phenomena is possible
in high-refractive-index dielectric particles, which can further
boost the spatial resolution, but which remains a topic for the
separate full-blown study. One should notice that the inferred SI
lens resolution limit [Eq. (3)] is not relevant for such a combined
resolution enhancer.
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6. CONCLUSIONS

In conclusion, the SI lens resolution limit was derived, examined
numerically, and verified by the experimental literature data on
the different SI lenses. This limit is defined by only the SI lens
refractive index and the free-space wavelength. Our numerical
simulations uncovered that both the hemispherical and hyper-
hemispherical configurations of a SI lens obey this resolution
limit. Our analysis of the earlier-reported SI systems, operating
in the different spectral ranges and relying on the different
high-refractive-index materials, demonstrated that they all obey
the inferred limit. The results of this paper will be useful for the
further design and applications of SI optics. Particularly, they
will help to select the appropriate geometry and materials of a
SI lens, considering the desired spatial resolution and energy
efficiency of the resultant SI optical system.
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