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a  b  s  t  r  a  c  t

We  present  an  overview  of our technological  achievements  in  the  implementation  of  detector  structures
based  on  mercury  cadmium  telluride  (MCT)  heterostructures  and  nanostructures  for  IR  and  THz  spectral
ranges. We  use  a special  MBE  design  set for the  epitaxial  layer  growth  on  (013)  GaAs  substrates  with  ZnTe
and CdTe  buffer  layers  up  to 3”  in diameter  with  the  precise  ellipsometric  monitoring  in situ. The  growth
of  MCT  alloy  heterostructures  with  the  optimal  composition  distribution  throughout  the thickness  allows
for the  realization  of  different  types  of many-layered  heterostructures  and  quantum  wells  to prepare  the
material for  fabricating  single-  or dual-band  IR and  THz  detectors.

We also  present  the  two-color  broad-band  bolometric  detectors  based  on  the  epitaxial  MCT  layers  that
are sensitive  in  150–300-GHz  subterahertz  and  infrared  ranges  from  3 to  10  �m,  which  operate  at  the
etector
nfrared
erahertz

ambient  or  liquid  nitrogen  temperatures  as photoconductors,  as  well  as  the detectors  based  on  planar
HgTe  quantum  wells.  The  design  and dimensions  of  THz  detector  antennas  are  optimized  for  reason-
able  detector  sensitivity  values.  A  special  diffraction  limited  optical  system  for the  detector  testing  was
designed  and  manufactured.  We  represent  here  the  THz  images  of  objects  hidden  behind  a plasterboard
or foam  plastic  packaging,  obtained  at the  radiation  frequencies  of 70,  140, and  275  GHz, respectively.

©  2019  Published  by  Elsevier  B.V. on  behalf  of Association  of Polish  Electrical  Engineers  (SEP).
. Introduction

Today, the technical vision system based on the infrared (IR)
etection is intensively used in human life for a wide range of appli-
ations. The wavelength dependence, in which the radiation flux
f the energy for the black body with temperature T reaches its
aximum (�max), given by Wien displacement law, is expressed

y equation �max  = 3000/T. It is clear that the wavelength in the
ange of 1–2.5 �m is typical of the temperatures of many ter-
estrial media. Three spectral ranges 1–3, 3–5 and 8–14 �m,  the
o-called “atmospheric windows”, are most important because
he IR radiation penetrates throughout the atmosphere practically

ithout absorption. That allows detecting the temperature bod-

es at extended distances. To implement this, it is necessary to
reate a high-sensitivity imaging system based on a photosensi-

∗ Corresponding author at: Rzanov Institute of Semiconductor Physics SB RAS, 13
avrentyev aven., Novosibirsk, 630090, Russia.

E-mail address: mikhailov@isp.nsc.ru (N.N. Mikhailov).
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230-3402/© 2019 Published by Elsevier B.V. on behalf of Association of Polish Electrical
tive material with high radiation absorption and high quantum
efficiency. It is seen that the tunable bandgap HgCdTe (mercury cad-
mium telluride, MCT) compound covers the entire spectral range of
“atmospheric windows” and has unique physical properties [1–3].
Nevertheless, it is also possible to realize the sensitivity in the ter-
ahertz (THz) spectral ranges [4,5].

The THz radiation (now 0.1–10 THz) is widely used in different
areas of human activity, i.e. astronomy, THz imaging, security, biol-
ogy, drugs and explosive material detection, etc. [6]. In spite of the
significant efforts in scientific research activities and many papers
[7,8], books and reviews [please, see Ref. 9], the THz applications, in
general, are still at the early stage of their development. The inter-
est in the THz frequency range is aroused by the fact that this range
is the place, where different physical phenomena are revealed, and
it frequently necessitates the special multidisciplinary knowledge
in this research area. Therefore, the THz wave instrument capa-
bilities are still far behind in comparison, e.g.,  with the IR system

feasibilities. In this work, we  are focused at applying narrow-gap
HgCdTe semiconductors and theirs quantum well structures in the
development of uncooled direct THz detectors.

 Engineers (SEP).

https://doi.org/10.1016/j.opelre.2019.07.002
http://www.sciencedirect.com/science/journal/12303402
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The HgCdTe nanostructures are used as a promising material for
eveloping a new generation of detectors, spintronic devices and
tudies of new physical phenomena [10–12]. It is necessary to point
ut that the small difference in lattice parameters at changing the
gCdTe composition allows for the development of multispectral
etectors based on HgCdTe structures [5,13]. The HgCdTe technol-
gy was developed from the first paper about preparing a mixed
dTe-HgTe compound, fabricating bars of small volumes (diame-
er <10 mm)  to the hetero-epitaxial layer grown by LPE, MOCVD or

BE methods on CdZnTe, GaAs and Si substrates (up to 6” in diam-
ter) over the past almost 60 years [14,15]. The MBE  technology has
he following apparent advantages over other epitaxial methods:

 low growth temperatures of about 180 ◦C, in comparison with
450 ◦C for LPE and 300–400 ◦C for MOCVD, that effectively reduce
the diffusion from the substrate and background doping, as well
as sharpened interfaces between layers with different composi-
tions,

 absence of an aggressive environment that, combined with low
temperatures, allows using the so-called “alternative” GaAs sub-
strates and Si substrates with CdTe and ZnTe buffer layers. HgCdTe
heterostructures on a Si substrate give the material for develop-
ing cooled megapixel detectors because of the thermal expansion
coefficient close to silicon readout circuits;

 possibility of carrying out the in situ growth control of HgCdTe
heterostructures by the different analytical optoelectronic equip-
ment that gives us the possibility of fabricating a planned design
composition distribution over the thickness, especially for multi-
color detectors;

 ideal technique for growing CdTe/HgTe superlattices and other
nanostructures.

Here we present the review of our results for different MCT
etero- and nanostructures grown for IR and THz detections.

. MCT  heterostructures’ growth

HgCdTe heterostructures were grown by the “Ob-M”- type MBE
etup at ultra-high vacuum operating in the mercury atmosphere

16]. In Fig. 1, from left to right, are: the load-lock chamber,
hree technological chambers equipped by RHEED (reflection
igh-energy electron diffraction) and ultrafast single-wave ellip-
ometers and an unload-lock chamber. We  use the ultrafast

Fig. 2. The scheme of ultra fastsingle wav
Fig. 1. Photo MBE  setup “Ob-M” type.

single-wave ellipsometer to monitor the growth process in the
technological chambers in real time [17,18]. The scheme of built-
in ultrafast single-wave ellipsometer is shown in Fig. 2. We  can
reach a high-precision measurement of the HgCdTe composition
and thickness at measuring ellipsometric angles � and � with the
accuracy of 0.01◦ (see specifications in Fig. 2). To control the compo-
sition, we use the experimental dependence of the HgCdTe optical
constants at incidence laser beam angle � = 700 on the composition
(mole fraction of CdTe in HgCdTe alloy XCdTe) [19,20].

To control the thickness, we use the variation of ellipsometric
parameters � and � in the �-� plane at the initial growth stage.
The variation of � and � at the initial growth stage of HgCdTe layer
with mole fraction XCdTe = 0.4 on the CdTe/ZnTe/GaAs substrate [21]
is demonstrated in Fig. 3. We  see the variation of ellipsometric
parameters at the initial stage represented as a convergent spiral.
One can calculate the growth rate by measuring the time when the
curve in Fig. 3 reaches the point that corresponds to a definite thick-
ness value (numbers near the convergent curve). Therefore, we can
determine the change of growth rate at the initial growth stage, sta-
tionary condition and the thickness by measuring the time during
the sequence growth.
The scheme of layers in the most popular developed HgCdTe
heterostructures grown by MBE  on (013) GaAs or (013) Si substrates
is shown in Fig. 4.

e ellipsometer with a specification.
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Fig. 3. The alternation of the ellipsometric parameters � and � during growth of
HgCdTe film on CdTe/ZnTe/GaAs substrate at initial stage. Red dashed line shows the
calculated curve. The numbers near the red circles indicate HgCdTe layer thickness.
Triangles represent the experimental data.

Fig. 4. The scheme of the typical HgCdTe heterostructure.
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Fig. 6. The temperature dependence of the minority carrier lifetime (n - type mate-
rial) of the HgCdTe absorber (XCdTe = 0,215) with the variable layer composition
ig. 5. HgCdTe composition distribution on the thickness of MBE film measured by
n-situ ellipsometer.

The HgCdTe heterostructure growth begins from the thermal
leaning of (013) GaAs substrate surface. Then we grow the buffer
ayers ZnTe (0,01 �m)  and CdTe (5–7 �m)  to conserve the orienta-
ion and to eliminate the large lattice mismatch between HgCdTe
nd GaAs (13,6%). Then follows the HgCdTe absorber layer (in the
cheme XCdTe = 0.3), in which the composition was  changed from
CdTe = 0.5 up to XCdTe = 0.3 at the interface and back from XCdTe = 0.3
p to XCdTe = 0.5 at the surface. In Fig. 5 is the HgCdTe composition

hange with the thickness for the heterostucture with a variable
ayer composition at the interface and towards the surface [22]. The
ariable gradient layers create the electric field that prevents the
at the interface and towards the surface (curve 1), and without the variable layer
composition towards the surface (curve 2) after the removing by chemical etching.

charge-carrier recombination, at the interface and on the surface,
and surface leakage current [23].

In Fig. 6 is the temperature dependence of the minority car-
rier lifetime of the HgCdTe absorber (XCdTe = 0,22) with the variable
layer composition at the interface and towards the surface (curve
1), and without the variable layer composition towards the surface
(curve 2) after the removing by chemical etching. That data were
obtained from the nonequilibrium carrier relaxation excited by the
SHF radiation.

The minority carrier lifetime at the temperature of 77 K is
reduced 4–5 times, indicating the positive effect of variated-gap
layers. It should be noted that the carriers concentration in the MCT
structures with graded-gap layers does not differ from the one of
the structures without variated-gap layers. Perhaps, dislocations
do not affect the lifetime so much, as considered in [24].

The as-grown HgCdTe heterostructures are of n-type con-
ductivity. The as-grown HgCdTe heterostructures are of n-type
conductivity. For the n–p junction formation, it is necessary to
obtain the p-type conductivity for applying the well-developed
technology of p-type HgCdTe layers doped with Hg vacancies. For
this purpose, the HgCdTe layer n-type conductivity converts to that
of p-type by thermal annealing [25].

The hole concentration dependence on temperature
for the MBE-grown HgCdTe layer (absorbers composition
XCdTe = 0.21–0.23 and XCdTe = 0.29–0.31) and by LPE (XCdTe = 0.22)
at 77 K is presented in Fig. 7. This dataset was measured after the
thermal annealing at the inert atmosphere during 24 h. The thermal
annealing at 200–250 ◦C allows obtaining the hole concentration
values of 1015–1016 cm−3 that are optimal for good n–p junction
parameters. The hole concentration of MBE  and LPE HgCdTe with
the layer composition XCdTe = 0.22 after the thermal annealing are
in a good agreement with each other. Therefore, we can conclude
that the hole concentrations of the layers prepared by different
epitaxial methods after the thermal annealing determine the same
defects created by Hg vacancies.

For extending the range of electron concentration in the HgCdTe
absorber layer, we study the intentional doping by indium (In).
In Fig. 8 is the electron concentration (n) dependence on the In
concentration in the HgCdTe bulk measured by SIMS (Secondary
Ion Mass Spectrometry). The linear electron concentration depen-
dence on the In concentration in Fig. 8 is the evidence of practically

the 100% ionization of In atom on the metallic site of crystalline
lattice. The minority lifetime is limited by Auger process at n val-
ues greater than 3 × 1015 cm−3 and the Shockley-Hall-Read (SHR)
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Fig. 7. The dependence of hole concentration on thermal annealing temperatures:
-MBE HgCdTe (XCdTe = 0.29–0.31); -MBE HgCdTe (XCdTe = 0.21–0.23); ©-LPE

HgCdTe (XCdTe = 0.22).
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Fig. 9. The scheme of layers in the single HgTe QW structure.

Fig. 10. The evolution of ellipsometric parameters D and y during the growth of
HgTe QW.  The points at the curve knees (O – C) correspond to initial stage of growth
ig. 8. The electron concentration dependence on In-impurity concentration:
quares are the experimental points; the solid line is the linear approximation.

ecombination at n values below 3 × 1015 cm−3. The electron mobil-
ty is limited by scattering on ionized impurities and by optical
honons. The difference between the experimental and model
ata is connected with an additional scattering on inhomogene-

ty, neutral impurities or it is determined by their compensation.
he indium doping allows growing HgCdTe with an electron con-
entration up to 1017 cm−3. This enables us to create the HgCdTe
omposition distributions over the thickness for the high conduc-
ivity multielement (up to megapixels) IR detectors based on the
-type absorber.

The scheme of layer sequence in the HgCdTe nanostructure with
he HgTe quantum well (QW) grown by MBE  on (013) GaAs sub-
trates is shown in Fig. 9. The single HgTe QW consists of the HgTe
ayer between wide-gap HgCdTe spacers doped by In (symmetri-
ally or not) or undoped in the central parts. The multiple HgTe QW
epresents periodic single HgTe QW structures [26].

The evolution of ellipsometric parameters � and � during the
ingle HgTe QW growth is shown in Fig. 10 as a sectional smooth
urve in the �-� plane. Each smooth section corresponds to the
onstant MCT  composition layers. Its length is determined by every
ayer thickness. The initial point O corresponds to the ellipsometric
arameters of CdTe surface. The QW fabrication begins from the

rst spacer layer (x ∼ 0.7) growth (curve O-A) after opening the tel-

urium and cadmium source shutters. Doping the central part of this
ayer is carried out by the indium doping process between the open-
of  following QW layer. Dots – experimental data; solid line and circles (through
1  nm)  – calculated data. In the inset, the variation of MCT  composition versus thick-
ness is shown.

ings in O′ and closing in the A′ of indium source shutter. Then the
wide-gap layer growth continues up to point A. In the insert, sec-

tors O-O′, O′-A′ and A′-A correspond to the gradual spacer growth
of the undoped layer with thickness d1, In-doped layer with thick-
ness d2 and the undoped wide-gap layer with thickness d3. After
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Fig. 11. The comparison of the experimental results (a, b) and computer modeling (c, d) of the point spread function fit through the maximum in x and y-direction for the
system  from two  axially symmetric lenses with the aspherical surfaces with the focal length of 125 mm and the diameter of 80 mm.
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Fig. 12. The optical scheme, Si microlenses and 16

losing the cadmium source shutter, the HgTe layer with thick-
ess dQW growths between the A–B points of ellipsometric curve.
he second spacer layer (see B–C curve) growth is in the manner
hat is analogous to the first spacer layer (O-A curve) growth after
pening the cadmium source shutter. Thicknesses d4, d6 and d5 cor-
espond to the undoped and In-doped parts of the second spacer
ayer, respectively. After all, the CdTe cap layer with dCdTe ∼ 40 nm
overs the grown QW structure. The dots on the curve in Fig. 10
re the experimental data measured in the one-second interval.
he circles correspond to the calculated values of the ellipsometric
arameters at the 1 nm change of layer thickness. The calculations
ere carried out within the one-layer model [21]. The calibration

urve and optical constants for the calculations were taken into
ccount for different MCT  compositions from [17,20]. It is neces-
ary to know the optical constants of the substrate and growing
ayers with high accuracy at the incident light wavelength, and the
rowth temperature to improve the comparison of the experimen-
al data with the calculated ones. The optical constants of different

CT  compositions were obtained from the spectral measurements
t room or lower temperatures [27,28]. These data cannot be used
or calculating the ellipsometric parameter variations during the
W growth, which is carried out at much higher temperature val-
es. Thus, we used the dependences of MCT  composition optical
onstants (n(x) and k(x)), that were measured at room temper-

ture [21], and then calculated the growth temperature using the
xperimentally determined thermo-optical coefficients. The exper-
mental data are in a good agreement with the calculations (Fig. 10)
n this procedure.
ent MCT  array used for obtaining the THz images.

3. Development of THz quasi-optical system

To proceed with the experiments in the THz/sub-THz sensitiv-
ity and imaging, special optics should be developed. In the earlier
papers [29,30], the THz quasi-optical system based on refractive
aspherical lenses was proposed. Later, plastic PTFE (Polytetraflu-
oroethylene) of ultra-high molecular weight and the refractive
index of 1.43 were selected as the lens material. The lenses were
processed using a mechanical/polishing lathe, and it resulted in
a surface roughness less than 30 �m (∼�/10). Here, for manu-
facturing the lenses, we used another approach related to the
3D printing capabilities, and it reduces the manufacturing time,
increases the cost-efficiency and allows establishing a full cycle of
creating aspherical THz lenses in one workplace. Both axially sym-
metrical and cylindrical lenses, calculated with the Zemax program,
were manufactured using the 3D printing for applications requir-
ing a single element and one-dimensional shaping of a light source,
such as a linear array. In Fig. 11 are shown the XY cross-sections (at
z – the focal plane of aspherical lenses) of the lenses with the focal
length of f = 125 mm and the diameter, a =80 mm,  designed for the
radiation frequencies � = 270 and 140 GHz. The lenses, which were
designed were manufactured from the High Impact Polystyrene
(HIPS).

In Fig. 11 is shown the comparison the comparison of the com-

puter modeling (c, d) and the experimental results (a, b).

We designed and manufactured the active THz-imaging sys-
tem consisting of the source combined with the horn emitter, lens
system, scanning mirror, linear detecting array and an electronic
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ig. 13. MCT  sensitive element with bow-tie antenna used both as THz and IR
etector.

oard with circuits for detector biasing, output signal multiplexing
nd amplification. The optical scheme used for obtaining the THz
mages is presented in Fig. 12. The first pair of lens focuses the radi-
tion onto the object; the second focuses it onto the THz detector.
he shown focusing properties are as expected and demonstrate
he spot sizes that are close to the diffraction limit for the system
ith two axially symmetrical lenses.

. MCT  heterostructures THz/sub-THz sensitivity

The possibility of using the narrow-gap HgCdTe structures as
ncooled or slightly cooled THz/sub-THz bolometer detectors was
onsidered in Ref. [31]. The hot electron effect began to be applied
n radiation detectors long ago [32].

In the model considerations [31], an electromagnetic wave from
n antenna enters a bipolar semiconductor layer, propagates there
s in a waveguide and heats the electrons and holes. Mainly, the free
lectrons in a Hg1-xCdxTe bolometer (the intrinsic concentration
i ∼ 2·1016 cm–3 at x ∼ 0.22 and at T ∼ 300 K) are heated by the elec-
romagnetic wave field changing the bolometer resistance. Three
ypes of hot electron effects are responsible for the MCT  bolometer
esponse: photo-diffusion effect, thermo-electromotive effect and
he free carrier concentration changes.

In the bipolar narrow-gap HgCdTe epitaxial sensitive ele-
ents, the radiation frequency range being � ∼ 0.37–1.54 THz, the

bserved temperature response can be satisfactorily described
ithin the developed model (up to changing the sign of response)

33]. The observed radiation frequency � dependence of the noise
quivalent power (NEP) follows the dependence NEP ∼ �–2 consid-
red in Ref. [34] for THz detectors with antennas.

In Ref. [35] the issues associated with the development of
i-color IR and THz direct detectors on the base of HgCdTe
re discussed. Bi-color uncooled and cooled to 78 K narrow-
ap mercury-cadmium-telluride (MCT) semiconductor thin layers
d ∼ 6–8 �m)  with antennas (see Fig. 13) were considered both as
Hz (� ≈ 128–144 GHz radiation frequency range) direct detection
olometers and 3 to 10 �m infrared (IR) photoconductors. Sensi-
ive layer thicknesses (∼5 �m)  were optimized for IR and sub-THz
esponses. The design of THz detector antennas, taking into account
he thick dielectric substrate effects, is optimized for the reasonable
etector sensitivity within the 150–300-GHz frequency range. Here
e choose the simple bow-tie antenna configuration at the 900

ivergence angle of the antenna side from the centre of the sensi-
ive element. Such a simple detector construction allows using the

ntenna blades as symmetrical current contacts for a photocurrent
egistration in the IR spectral region.

The NEP for one of the detectors studied at � ≈ 140 GHz
eaches NEP300K ≈ 4.5·10–10 W/Hz1/2 and NEP78K ≈ 5·10–9 W/Hz1/2.
Fig. 14. Responsivity spectra of MCT  photoconductor in the IR region: (a) T = 78 K,
(b)  T = 300 K. FOV = 1800.

The same detector used as an IR photoconductor (Fig. 14) showed
the responsivity at T = 78 K and 300 K with signal-to-noise ratios
S/N ≈ 750 and 50. For the NEP estimations, the antennas effective
area was used: Aeff = (�2/4�)·G, [36], where � is the radiation wave-
length, and the antenna directivity was taken as G = 1.

The basis for the IR response in a narrow-gap MCT, even at
T = 300 K, is that the band-to-band optical absorption is a strong
direct-gap MCT  semiconductor. At � ≈ 5 �m and at T = 300 K, the
absorption coefficient � in such layers is � ≈ 5·103 cm−3. Thus, in
the active layers of thicknesses d ≈ 5 �m,  there is the strong absorp-
tion approximation (�·d > 1). Because of the diffusion length in the
intrinsic Hg1-xCdxTe layers is much larger than the active layer
thickness, there will exist approximately the same generation rate
g(d) at any absorption depth:

g(d) = d−1·�i·(1-R)·Nph, (1)

where �i is the inner quantum efficiency (for MCT  �i ≈ 1), R is the
reflection coefficient (R ≈ 0.34), and Nph is the number of photons
falling down on the active photoconductor area. It follows from Eq.
(1) that the responsivity will be inversely proportional to the photo-
conductor active layer depth. It was experimentally proved for the
devices on the base of similar layers [37].The layers with the thick-
nesses d, that are thinner than the typical thickness of d ∼ 10 �m
for photoconductors, could be taken down to the 1 �m depth, and
the photocurrent generation rate will be almost independent from
the layer thicknesses. In fact, for this limit, the photoresponse will
depend on the non-equilibrium charge- carrier recombination at

the sample surface

K = K0·[1 + (2s	/d)]−1, (2)
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Fig. 15. The QW channel response in the dependence of the current in the channel,
Ug = 0 V.
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here s is the surface recombination rate and 	 is the recombina-
ion time. The MCT  layers, that were used for manufacturing the
etectors, have specially designed composition profiles with the
ide-band layers at the boundaries (Fig. 5), and that creates the

uilt-in electric field and blocks the surface recombination.
Because of the high photon flux value Nph ∼ 1019 cm−2 s−1

rom the globar (Tglobar ≈ 1600 ◦C), in the 5.0–5.5 �m spectral
ange and in the stationary regime of the photoconductivity
modulation frequency f ∼ 300 Hz), the photo-induced carriers con-
entration is �n  = g(d)·� ∼ 1·1015 cm−3. For the initial concentration
i ∼ 2.5·1016 cm−3, the �n/ni value is getting �n/ni ∼ 4·10−2 and
hat is quite sufficient to observe the signal-to-noise ratio ∼50 (see
ig. 14b) with the lock-in amplifier (Stanford SR 830). The measured
ecombination time is � ∼ 7·10−8 s in such n-type layers. At the
ackground temperature TBLIP = 300 K (BLIP – background limited
erformance) and quantum efficiency � ≈ 1, the uncooled photo-
onductors can reach the detectivity values D* ≈ 4·108 cm Hz1/2/W
t this �cut-off operating region [38].

. THz response in HgTe QW structures

The THz photoresponse of QW HgTe structures was mainly con-
idered [see, e.g., 39,40] when placed into the magnetic field at low
emperatures.

Despite the interest in the QW response to the THz radia-
ion, to our knowledge, no QW parameters, as detectors, were

easured. Here, we investigated the sub-THz photoresponse at
 = 80 and 300 K of the gated channel based on the HgTe QW
tructure, which was presented in [41]. The structure is based on
g0.7Cd0.3Te/HgTe/Hg0.7Cd0.3Te QWs  with the width 6.6 nm,  which

s close to the critical HgCd QW thickness, has the symmetrical
ndium-doped barrier layers. The impurity density was rather high,
nd it was determined as an electron concentration in the QW of
round 1.5*1012 cm−2. For the gated channel formation, the QW
tructure was photo-lithographically processed with a subsequent
et chemical etching into 50 �m wide bars at the distance of 100

nd 250 �m between the Ohmic indium contacts. Then a 80 nm
hick Al2O3 insulator layer was placed by the atomic layer deposi-
ion technique. Finally, the Ti/Au gate was deposited.

Here the QW channel of the structure (scheme is shown in Fig. 9)
as characterized and tested with the IMPATT diode emitting at a

requency around 140 GHz. The yielded maximum responsivities of
 ≈ 0.21 V/W at T 80 K, and S = 0.11 V/W at T = 300 K were obtained
hen the HgTe QW channel was taken as a bolometer, using source-
rain (s-d) contacts with soldered contact wires which served
s antennas. The estimated noise equivalent power values were
EP80K ≈ 6·10−8 W/Hz1/2 and NEP300K ≈ 1.5·10−7 W/Hz1/2. These
ata were obtained at biases Is-d = 0 and Ug = 0, where Ug is
he gate voltage. The power P at the QW structure with area

 × W = 250 × 50 �m2 (the effective antenna area was  assumed to
e Aeff = (�2/4�)·G, [36], with the antenna gain G = 1) is equal
o ≈ 0.4 mW.  At source-drain current Is-d = ±10 �A responsivity S
quals ≈ 1.1 V/W. In Fig. 15 is shown the voltage response depen-
ence on the s-d current. The HgTe QW responsivity can be enlarged
ith matching the QW and the antenna impedances. However, it is
ifficult to expect a high QW channel sensitivity, as the relatively
hort relaxation times [42] do not favor the high HgTe QW detector
ensitivity and a poor matching of the QW impedance (≈40 k�) and
f the antenna (∼300 �).  Moreover, the structure does not show
ny essential response at the gate voltage change. It is connected

ith the high doping level: electron gas is strongly degenerated,

nd the Fermi level is placed high in the conduction band with
he Dirac-like spectrum. Therefore, big gate voltage changes do not
ause any channel depletion.
Fig. 16. Bullet hidden in foam plastic packing in non-transparent envelope: left
Sub-THz image (� = 143 GHz); right is the visible image of container.

It was  proved that, for the known uncooled detectors, there is
no feasibility of passive imaging by direct detection, as NEP does
not satisfy the requirements for the passive imaging of the THz
system. Our uncooled MCT  detector array system can locate and
image hidden objects that are either absorbing or reflecting in
the THz/sub-THz region and are capable of active imaging. The
examples of sub-THz images of the hidden objects obtained by
the developed system are shown in Figs. 16 and 17. Traditionally,
reflected radiation or radiation passed through an object, which
inhomogeneity leads to the formation of a contrast picture, is
used in obtaining THz images. To increase the image information
capability, our active THz system allows receiving the images of
objects in a configuration of transmission and reflection at the same
time. The proposed technique allows pointing out metallic parts of
objects from others.

6. Conclusions

The developed technology allows the accurate control of molar
composition, layer thicknesses and electrical impurity concen-
trations in the grown structures directly in the growth process.

Therefore, the existing technological achievements make it pos-
sible to obtain diverse MCT  structures with desired parameters.

As an example of the advanced MCT  heterostructures growth
technology application, we demonstrated an active dual-band
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ig. 17. THz images of the plastic clothes peg in the nontransparent in visible rang
�  = 71 GHz), c) visible picture, (d) Tube (∅ ≈ 2.8 mm)  with liquid substance in nontr

etector with a small number of elements in a linear array based
n narrow-band HgCdTe bolometric layers, and it is implemented
n this project. Their noise equivalent power (NEP) at a frequency

 ≈ 140 GHz reached a value of ∼2.6 10−10 W/Hz1/2 and satisfied the
equirements for the active imaging of THz systems. At the same
ime, these detectors can operate as IR detectors with signal-to-
oise ratios S/N of 750 and 50 at T = 78 K and 300 K, respectively.
he QW HgTe structures are also encouraging, but can be improved
y resolving the problem of matching the QW structures and the
ntenna impedances and optimizing the carrier concentration and
omposition.

The THz images of some hidden objects with the dimensions
f several millimeters considered here as an imitation of explo-
ive and dangerous substances placed in non-transparent boxes,
oam plastic packing and behind the 12 mm thick gypsum board.
he THz active optical system with the use of a linear array of
ncooled HgCdTe detectors can be implemented for the detec-
ion of matters or their shapes, any explosive substances hidden
ehind non-metallic packagings with dimensions from several mm
r larger.
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