
Solid immersion terahertz imaging with sub-wavelength resolution
Nikita V. Chernomyrdin, Aleksander O. Schadko, Sergey P. Lebedev, Viktor L. Tolstoguzov, Vladimir N. Kurlov,
Igor V. Reshetov, Igor E. Spektor, Maksim Skorobogatiy, Stanislav O. Yurchenko, and Kirill I. Zaytsev

Citation: Appl. Phys. Lett. 110, 221109 (2017); doi: 10.1063/1.4984952
View online: http://dx.doi.org/10.1063/1.4984952
View Table of Contents: http://aip.scitation.org/toc/apl/110/22
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/488510743/x01/AIP-PT/APL_ArticleDL_051717/NeedleInHaystack_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Chernomyrdin%2C+Nikita+V
http://aip.scitation.org/author/Schadko%2C+Aleksander+O
http://aip.scitation.org/author/Lebedev%2C+Sergey+P
http://aip.scitation.org/author/Tolstoguzov%2C+Viktor+L
http://aip.scitation.org/author/Kurlov%2C+Vladimir+N
http://aip.scitation.org/author/Reshetov%2C+Igor+V
http://aip.scitation.org/author/Spektor%2C+Igor+E
http://aip.scitation.org/author/Skorobogatiy%2C+Maksim
http://aip.scitation.org/author/Yurchenko%2C+Stanislav+O
http://aip.scitation.org/author/Zaytsev%2C+Kirill+I
/loi/apl
http://dx.doi.org/10.1063/1.4984952
http://aip.scitation.org/toc/apl/110/22
http://aip.scitation.org/publisher/


Solid immersion terahertz imaging with sub-wavelength resolution

Nikita V. Chernomyrdin,1,a) Aleksander O. Schadko,1 Sergey P. Lebedev,2

Viktor L. Tolstoguzov,1 Vladimir N. Kurlov,3 Igor V. Reshetov,4 Igor E. Spektor,2

Maksim Skorobogatiy,5 Stanislav O. Yurchenko,1 and Kirill I. Zaytsev1,2,b)

1Bauman Moscow State Technical University, Moscow 105005, Russia
2A.M. Prokhorov General Physics Institute of RAS, Moscow 119991, Russia
3Institute of Solid State Physics of RAS, Chernogolovka 142432, Russia
4I.M. Sechenov First Moscow State Medical University, Moscow 119991, Russia
5Department of Engineering Physics, Ecole Polytechnique de Montreal, 2900, Boulevard Edouard-Montpetit,
Montreal, Quebec H3T 1J4, Canada

(Received 17 February 2017; accepted 23 May 2017; published online 1 June 2017)

We have developed a method of solid immersion THz imaging—a non-contact technique employing

the THz beam focused into evanescent-field volume and allowing strong reduction in the dimensions

of THz caustic. We have combined numerical simulations and experimental studies to demonstrate a

sub-wavelength 0.35k0-resolution of the solid immersion THz imaging system compared to 0.85k0-

resolution of a standard imaging system, employing only an aspherical singlet. We have discussed

the prospective of using the developed technique in various branches of THz science and technology,

namely, for THz measurements of solid-state materials featuring sub-wavelength variations of physi-

cal properties, for highly accurate mapping of healthy and pathological tissues in THz medical diag-

nosis, for detection of sub-wavelength defects in THz non-destructive sensing, and for enhancement

of THz nonlinear effects. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4984952]

Continuous-wave and pulsed terahertz (THz) imaging1,2

and computed and time-of-flight tomography3,4 have been

vigorously explored in the past decades. They offer signifi-

cant scientific and technological applications in the fields of

biomedicine,5 non-destructive sensing,6 and chemical sci-

ence.7 Despite the considerable progress in these areas of

applied physics, relatively low spatial resolution of the

majority of THz imaging systems significantly limits their

applications.8 Achieving spatial resolution on a sub-

wavelength scale without appreciable energy losses remains

a key challenging problem of THz imaging.31

The Rayleigh criterion9 states that two points of equal

intensity should be considered to be resolved, when the prin-

cipal intensity maximum of one coincides with the first

intensity minimum of the other, or, in other words, when one

beam spot is spaced on Airy disc radius from the other.10

Many modern applications of THz imaging and spectroscopy

rely on single element optics, such as wide aperture lenses or

off-axis parabolic mirrors8 allowing reduction of the beam

spot radius to about 0.8…1.0k0. However, improving perfor-

mance of the single element optics by further increasing their

aperture and resolution might be challenging due to signifi-

cant residual wavefront aberrations.11 Similarly, large-

diameter off-axis parabolic mirrors suffer from overlapping

of incident and focused beams, thus limiting the size of the

focused beam.8 Near-field THz imaging12 allows to over-

come the diffraction limit, providing spatial resolution of

10�1k0, or even 10�3k0.13 While capable of providing supe-

rior resolution, near-field imaging is also plagued with many

disadvantages. Particularly, it requires a small working dis-

tance; thus, the scanning probe (needle or diaphragm) placed

in the object plane may interact with the object and even

perturb its structure. Detection of light scattered by the very

small probes14 requires powerful THz emitters and highly

sensitive detectors, which are still rare or very expensive.

Other techniques that allow achieving sub-wavelength reso-

lution are THz digital holography15 and synthetic aperture

imaging.16 They seem to be rather competitive but require

complicated computations to resolve the inverse ill-posed

problems.

In order to mitigate many challenges of THz sub-

wavelength imaging, in this letter, we report an approach that

achieves sub-wavelength resolution using the principles of

solid immersion (SI) microscopy. The SI technique is widely

employed in visual and infrared ranges.17–19,32 Recently, it has

also been suggested to enhance the resolution of GHz and

THz imaging.20–22 It allows decreasing the size of THz beam

spot by employing a compound SI lens. The latter is formed

by placing a truncated sphere [made of a high-resistivity float-

zone silicon (HRFZ-Si)23 featuring a high value of the refrac-

tive index nh ’ 3.42] between the focusing objective [made of

a high density polyethylene (HDPE)24 possessing the refrac-

tive index nl ’ 1.54] and an image plane (see Fig. 1).

Electromagnetic wavelength kh is nh times smaller in the Si

sphere than that in the free space and so is the evanescent field

volume behind it. By forming the THz beam caustic in free

space, at a small distance from the flat surface of a trun-

cated sphere, we are able to achieve reduction in THz

beam spot size compared to the one in the free space. In

order to highlight advantages of the non-contact SI imaging

technique, we combine numerical simulations using the

methods of computational electrodynamics25 and experi-

mental studies using the raster-scan continuous-wave THz

imaging system operating in the reflection mode.11 We

experimentally demonstrate 0.35k0-resolution of the SI THz

imaging, which is in good agreement with the results of

numerical simulations.
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The obtained 0.35k0-resolution of the THz SI imaging is

a considerable improvement over the standard imaging

arrangement using an aspherical singlet that offers only

0.85k0-resolution. Furthermore, this resolution is also higher

compared to a 0.49k0- and 0.54k0-resolution of an earlier

reported THz SI system in Refs. 20 and 21. The SI lens pro-

posed in our work profit from a favourable combination of a

SI phenomenon with a basic wide-aperture aspherical sin-

glet.11 In contrast to a THz SI lens discussed in Refs. 20 and

22, the proposed THz SI imaging system does not employ a

sub-wavelength diaphragm (pinhole), thus avoiding an unde-

sirable loss and leading to higher light intensity at the image

plane. When compared to the basic aspherical singlet, our

system possesses an additional intensity loss of about 45%

due to Fresnel reflections in the truncated sphere, which can

be effectively countered using antireflection coatings.

Finally, our system operates in the reflection mode, which

allows measuring the non-transparent samples.5

We employ a HDPE aspherical singlet as a basic objective

for SI lens assembly. It has been introduced and characterized in

Ref. 11. Focal length, numerical aperture, back focal distance,

entrance pupil diameter, and thickness of the aspherical singlet

are f 0 ¼ 15 mm, NA¼ 0.64, BFD¼ 6.62 mm, D¼ 25.4 mm,

and l¼ 15 mm, respectively. The HRFZ-Si truncated sphere,

which supplements the aspherical singlet, has a radius of

R¼ 10 mm and a thickness of l0 ¼ 4:7 mm. Its spherical surface

is concentric to the convergent THz wavefront, and its planar

surface is parallel to the image plane (see Fig. 1).

In order to numerically analyze the SI lens performance

and estimate the dimensions of the THz beam caustic, we

employ the finite-different time-domain (FDTD) method for

solving the Maxwell’s equations.25 It allows us to calculate

light propagation in space and in time, taking into account

all the features of light interactions with matter within the

framework of classical electrodynamics. Particularly, we

simulate focusing of the monochromatic plane wave featur-

ing TEM-polarisation [i.e., E¼ (0, 0, Ez)
T and H¼ (Hx, 0,

0)T] either using a proposed SI lens or an spherical singlet

for the frequency of � ¼ 0.5 THz (k0 ’ 600 lm). The total-

field/scattered-field boundary25 is applied to introduce the

plane wave into the simulation volume. The 2nd-order Mur’s

absorption boundary25 is used to prevent non-physical back-

scattering of the electromagnetic wave from the borders of

the simulation volume.

Figure 2 shows the results of the simulations in terms of

the stationary spatial distribution of the light intensity I.
Thus, Fig. 2(a) illustrates the spatial distribution of the THz

field intensity formed by the SI lens in the entire volume of

simulation. From the inset (b), we notice that for the SI lens,

the focal plane is shifted from the plane surface of the trun-

cated sphere. The focal plane position can be estimated as

S0
F0 ’ ðR� lÞ=nh using the paraxial approximation of geo-

metrical optics, but this approximation might not hold for

wide apertures. Panel (c) and inset (d) show the similar data

for the case when only the singlet is used. Panel (e) compares

beam spots formed by the singlet and SI lens (namely, the

cross-sections of the beam caustic in the x-axis direction). As

shown in Fig. 2(f), the beam spots of both SI lens and singlet

are slightly stretched in the z-axis direction (i.e., in the direc-

tion of linearly polarised electric field E). This 4%–6%

polarization dependent anisotropy of the beam spot is typical

for wide-aperture optics.8 The SI lens caustic starts from the

plane surface of the truncated sphere. Its longitudinal size

(i.e., the depth of field) is about k0/2, which is several times

smaller compared to the one of a singlet [see Figs. 2(b) and

2(d)]. In summary, numerical simulations demonstrate the

sub-wavelength size (0.32k0…0.34k0-radius) of the THz

beam spot formed by the SI lens compared to that produced

by an aspherical singlet (0.73k0…0.76k0-radius).

In order to experimentally confirm a superior resolution

offered by the SI lens and to estimate the resolution of the SI

THz imaging, we employ a raster-scan continuous-wave THz

imaging system operating in the reflection mode33 (see Fig.

3). As a continuous-wave THz source, we use a BWO11

FIG. 1. Schematic of the compound SI lens comprising a HDPE aspherical

singlet and a HRFZ-Si truncated sphere.

FIG. 2. FDTD simulations of a monochromatic THz plane wave focused

using the SI lens and aspherical singlet: (a) and (b) spatial distributions of

the THz field intensity for SI lens both in the entire simulation volume and

in the small volume neat the beam caustic; (c) and (d) similar data for a sin-

glet; (e) THz beam spots formed by a SI lens and a singlet; and (f)

polarization-dependent anisotropy of the THz beam spots.
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operating at � ¼ 0.5 THz (k0 ’ 600 lm), and as a THz detec-

tor, we use a Golay cell.26 A 22 Hz mechanical chopper is

used to modulate the THz beam, since the Golay cell is able

to detect only modulated intensity of the electromagnetic

field. An attenuator is used to prevent the detector overload.

By passing the THz beam through a 1 mm iris diaphragm, we

homogenize intensity in its cross-section. To realize the

reflection-mode imaging at normal angle of incidence, we

employ a beamsplitter made of a 20 lm Mylar film. A sample

of interest is mounted behind an open diaphragm placed on

the X-Y translation stage featuring a 10 lm positioning accu-

racy. The diaphragm is larger than the raster-scan area and is

used as a spacer. It is aligned to be orthogonal to the THz

beam axis, and it sets the object distance from the HRFZ-Si

at about 300 lm—i.e., at the far limit of the depth of field of

a SI lens for the considered k0. The experimental imaging

setup could operate either with a SI lens or with a singlet,

which allows us to compare their performance.

First, we use the experimental setup for imaging of a

razor blade (i.e., a test object featuring a sharp step-function-

like spatial distribution of the reflectivity27). Figure 4 shows

the results of razor blade imaging with either a SI lens or a

singlet. Panel (a) illustrates THz field intensity distributions

I(x/k0) formed by either a SI lens (blue circles) or a singlet

(red squares) at the image plane. It is evident from Fig. 4(a)

that the razor blade image detected with a SI lens is sharper

compared to the one formed by a singlet. Panel (b) demon-

strates the first derivative of the intensity curves jdI=dxj, illus-

trating the geometry of the beam spots formed by a SI lens

and a singlet.27 The position of the first minimum of the

beam spot defines the imaging resolution.9,10 The experimen-

tal data show ’0.35k0-resolution for a SI lens and ’0.85k0-

resolution for a singlet. In Fig. 4, we observe a strongly oscil-

lating character of the beam spot formed by a SI lens. It is

due to the electromagnetic wave interference in the free-

space volume between the truncated sphere and a knife. In

contrast, the beam spot of a singlet does not show such strong

oscillations, thanks to larger object distance S0
F0 .

Table I summarizes the data on SI lens and aspherical

singlet resolution observed in simulations (Fig. 2) and

experiments (Fig. 4). It also presents theoretical estimation

of the aspherical singlet resolution assuming Airy-like or

Gaussian-like character of the beam spot.10 The small-to-

moderate difference between the theoretical and experimen-

tal results could originate from a number of factors including

the complex character of the pupil function of the lens10 and

a non-perfect alignment of the experimental setup. Despite

these discrepancies, we notice a good correspondence

between the numerical and experimental results, which both

demonstrate more than 2 times enhancement of the THz

imaging resolution via the SI phenomenon.

Next, we perform THz imaging of several objects con-

taining the sub-wavelength fragments (see Fig. 5). To satisfy

the Whittaker–Nyquist–Kotelnikov–Shannon sampling theo-

rem,28 we chose the 0.15k0-step of the raster-scan, where k0

’ 600 lm. First, we image an array of 50-lm-thick metal

wires with 500-lm inter-wire separation mounted on a metal

hoop. Panels (a) to (c) show the photograph of the object and

its THz images detected using the singlet and SI lens for

both TE- and TM-polarized waves.25 In Fig. 5, panels (d) to

(f) and (g) to (i) show photographs of the BMSTU Terahertz

Technology Laboratory logotype and the GPI RAS logotype,

as well as their THz images detected using singlet and SI

lens. The logotypes are made on the Si-substrates using a

sputtered Al-coating, in certain regions of which the Al-layer

is removed with a laser pen to provide high contrast in sur-

face reflectivity. The logotypes contain sub-wavelength frag-

ments (such as sharp corners, thin lines, and letters), which

are completely unresolved in the images produced by a sin-

glet [panels (e) and (h)], while being clearly identifiable in

the images produced by a SI lens [panels (f) and (i)].

The experimental data of Figs. 4 and 5 highlight supe-

rior imaging capabilities of a SI lens compared to a singlet.

A SI lens also provides much higher contrast in the THz

images for both TE- and TM-polarized waves. In Fig. 5, we

also note some differences in the THz images acquired using

TE- and TM-polarized waves. This could arise due to asym-

metry of the focal spots [see Fig. 2(f)] and due to

polarization-dependent character of the electromagnetic

wave scattering on the two- and three-dimensional obstacles

described within the framework of Mie theory.11
FIG. 3. Schematic of the experimental setup for the non-contact reflection-

mode continuous-wave SI THz imaging.

FIG. 4. THz imaging of the razor blade that has a step-function-like spatial

distribution of the reflectivity profile: (a) measured THz field intensity pro-

files formed by an aspherical singlet (red squares) versus a SI lens (blue

circles); (b) first derivative of the measured intensity profiles used to esti-

mate the position of the first minimum in the beam spots.
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We note the practical importance of this work as many

standard THz lens-based imaging systems can be easily

modified into SI configuration (and, thus, profit from the

considerably improved resolution) by simply placing the

truncated sphere made of a high refractive index material

(such as HRFZ-Si) at the image plane. The THz SI imaging

technique is non-contact and does not lead to significant

energy losses, which are usually inherent to the methods of

near-field imaging.12 Since the HRFZ-Si features low disper-

sion and absorption in the wide range of frequencies,23 the

proposed THz SI lens could be used with the broadband THz

radiation employed in the pulsed THz spectroscopy and

imaging systems.1,3,5–7 THz SI imaging has great potential in

imaging of solid-state materials exhibiting sub-wavelength

features,29 highly accurate mapping of healthy and patholog-

ical tissues in THz medical diagnosis,5 and detection of sub-

wavelength defects in constructional material using THz

non-destructive sensing.6 Furthermore, strong electromag-

netic field localization provided by a SI lens could enhance

THz nonlinear effects.30

Numerical simulations were supported by the Russian
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studies were supported by the Russian Foundation for Basic

Research, Projects No. 17-08-00803.
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