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UNCOOLED WIDE-RANGE SPECTRAL
OPTOELECTRONIC DEVICES ON THE BASE
OF HgCdTe SEMICONDUCTOR

Issues associated with the development and the exploitation of infrared (IR) and sub-terahertz
(THz) radiation detectors based on HgCdTe semiconductor are discussed. It is shown that
this mercury cadmium telluride (MCT) semiconductor can be applied to the development of
bi-colour detectors operating in the IR and sub-THz spectral ranges.
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1. Introduction
Light and other electromagnetic waves are the main
sources for obtaining the information about the environment by means of different kinds of detectors,
which play an important role in different areas of the
human activity (e.g., in the imaging, medicine, biology, astronomy, materials testing, security, etc.). For
these tasks, one uses the interaction of electromagnetic waves with matter not only in the region visible by human eyes (𝜆 ≈ 0.4–0.75 𝜇m), but also in
other “invisible” various spectral bands: radio frequencies, microwaves, THz, IR, ultraviolet, as well
as X-rays and higher energy radiation. All the phenomena rely on the physical effects related to the interaction of electromagnetic waves with bodies and
substances. The key role in obtaining the information about such interaction is played by detectors,
which should operate in different spectral ranges. It
would be desirable to have detectors based on a small
number of available material technologies or even, in
the ideal case, on one material, thus restricting the
technologies of their manufacture. However, the realization of detectors based on few materials or even
one material is a challenge because of the detector
sensitivities in different spectral ranges are based on
different physical phenomena, and, as a rule, these
different phenomena cannot be implemented with one
material.
One of such materials can be MCT semiconductor
(Hg1−𝑥 Cd𝑥 Te), the band-gap of which can be varied
by altering the composition from 𝑥 = 1 (CdTe band
gap 𝐸𝑔 ≈ 1.6 eV) to 𝑥≈0.165 (band gap 𝐸𝑔 ≈ 0 eV).
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MCT is the material of choice for many IR focal
plane array (FPA) applications. The characteristics
of this semiconductor, especially for the composition
𝑥 ≈ 0.2–0.3, were widely discussed, since they as detectors are suitable for 3–5 and 8–12 𝜇m atmosphere
transparency regions, though they should be cooled,
as a rule, to 𝑇 ≈ 80–150 K (see, e.g., [1]). Low leakage
currents and high carrier mobility in MCT detectors
result in the possible upper limit performance.
As one of the examples of applications of MCTbased materials in optoelectronic devices today, we
mention one of the most effective CdTe solar energy converters, which are produced commercially
[2]. CdTe (and also CdZnTe) is one of the most important materials for the manufacture of un-cooled
X/𝛾-ionizing radiation detectors of the spectrometric
type, especially for the energy range 𝐸 > 30–50 eV
[3]. This MCT semiconductor can be used for the detector production not only for the atmospheric transparency regions from 3 to 5 and from 8 to 14 𝜇m,
but for the short-wave IR wavelength region (∼0.8–
3.0 𝜇m) as well (see, e.g., [1]).
MCT is the best solution for single- and multiband
systems covering a wide range of wavelengths, because it is possible to tune the wavelength by selecting
the appropriate composition. Moreover, it is possible
to design and to grow structures, where the composition is tuned in such a manner that two or more
wavelengths are operational within a single device.
Important would be an expansion of the MCT detectors sensitivity to the THz/sub-THz electromagnetic radiation region topical today because of the
nondestructive testing possibility (due to low-energy
non-ionizing radiation), security applications, comISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 2
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munications, imaging, etc. (see, e.g., [4]). But tuning the chemical composition to 𝑥 giving 𝐸𝑔 ⇒ 0 (at
𝜆 ≈ 300 𝜇m, 𝜈 = 1 THz, h𝜈 ≈ 4 meV, as compared
to the thermal energy at 26-meV room temperature),
which is needed for cost-effective THz detectors, leads
to a very high thermo-generation rate of carriers [5]
preventing the efficient THz/sub-THz detector operation based on interband transitions.
As for THz/sub-THz detector techniques, except
the tendency to implement the detector arrays allowing the better detection performance, these techniques are desirable to be completed with other available technologies, e.g., those allowing simultaneously
the operation in other spectral regions to make such
systems more informative. To use uncooled MCT
THz detectors was first offered in [6], while analyzing the properties of a free electron gas heated
by THz radiation. It was shown that three following effects are responsible for the sensitivity of subTHz/THz MCT detectors with intrinsic conductivity
[7]: (i) Dember effect (photo-diffusion effect) contribution, (ii) thermo-electromotive contribution, and
(iii) contribution that is associated with free carrier
concentration changes.
It can be noted that the summation of these three
effects, when changing their contribution with temperature or free carrier concentration, can be the
reason for the negative “photoconductivity” in the
sub-THz/THz spectral range, which was observed experimentally. Such THz/sub-THz uncooled detectors
were realized in [7, 8].
The purpose of this investigation is to show the
possibility to realize the uncooled detector operation
both in the infrared (IR) and sub-THz spectral regions within the same chip. Really, it is feasible to
apply one chip detector and in the short IR wavelength region (𝜆 ∼ 0.8 𝜇m), if the substrate CdTe for
growing MCT layers is used.
To apply MCT layers both in the IR and subTHz regions, the detectors with the active area ∼50 ×
× 25 𝜇m in size were prepared. The rectangular form
of a sensitive element was chosen for increasing the
detector resistance of the active area to approach the
antenna impedance 𝑍 which is near 100–200 Ω for a
bow-tie antenna used.
The longer dimension of the active part area of
the detector is near the Airy disk diameter 𝐴dif for
the spectral range of 8–14 𝜇m. Within the Airy disk
area, about 84% of the light energy are concentrated
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Fig. 1. MCT sensitive element with bow-tie antenna

(𝐴dif = 2.44 × 𝜆 × (𝑓 /𝐷), where 𝑓 is the lens focus length, and 𝐷 is the lens diameter). At this area,
the IR radiation is absorbed directly. For the subTHz/THz radiation energy transfer into this active
area, the antennas with dimensions about the wavelength length are used. For the IR detector, both
In antenna blades serve as electrical contacts (see
Fig. 1).
Most of IR and THz/sub-THz technologies are connected with the imaging. These two technologies still
differ in numerous aspects. The infrared imaging is an
efficient passive technology, whereas the THz one is,
as a rule, an active one requiring some sources for the
illumination of examined objects. Moreover, these detectors are typically also different in operational principles. For example, one of these differences lies in the
sizes of a detector. The infrared detectors (their sensitive elements) are about or a little bit smaller than
the wavelengths (connected with Airy disk diameter
𝐴dif ), whereas the THz/sub-THz ones, though having
similar proportions, are compared to the wavelength,
but only with regard for the antenna dimensions
about the wavelength length. The sensitive elements
of THz/sub-THz detectors typically are much smaller
than the radiation wavelength and smaller than the
detector area for the IR region. This results in different constraints when designing the imaging systems
[9]. Another difference lies in different physics of introduction the radiation into a sensitive element. In
the IR detectors, it is a direct absorption of radiation
by a sensitive element, while the radiation power in
THz/sub-THz detectors is typically introduced in a
sensitive element by the antenna.
In MCT IR photoconductors, the changes in the
conductivity arising under the IR illumination result
in the photoconductor response due to valence-toconduction band transitions as in other typical in-
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trinsic photoconductors. In MCT sub-THz/THz hotelectron-bolometers (HEB), the response is due to
heating the electron gas with the power introduced
via the antenna and the motion of free carriers in
a sensitive element [7]. This motion is governed by
three different effects, which can lead, under THz radiation, both to increasing or decreasing the detector
conductivity.
At low radiation powers, the MCT IR and subTHz/THz detectors are square-law ones, in which
the response is proportional to the incoming radiation power, and both IR and THz/sub-THz detectors
can be assembled into arrays.
2. IR/sub-THz MCT Detectors
Terahertz (THz) technologies (radiation frequencies
loosely defined from the frequencies 𝜈 ∼ 0.1 THz to
10 THz [4, 10] (𝜆 ∼ 3 mm–30 𝜇m)) are emerging
ones now, which promises a wide choice for potential
applications to the vision systems, high-speed wireless communications, spectroscopy, medicine, security, etc. [11]. They can give images with a relatively
high resolution. At the same time in the case of active
imaging, THz radiation is not ionizing, as its photons
are not energetic enough to knock electrons off atoms
and molecules, e.g., in a human body. Along with
sources, the important components of these technologies are detectors. In many applications, the uncooled
detectors capable for the integration into arrays are
desirable in order to obtain the real-time imaging.
Unfortunately, the atmosphere transparency and
the spectral radiance are poor in the THz spectral
region. This leads to the situation where the passive
imaging in this spectral range even with highly sensitive deeply cooled detectors is restricted by several
tens of meters [11]. At the same time, there are possible short-range (within the distance pointed out)
wireless high information capacity communications
without using the special restricting methods of information loose to unwanted users. In the low-frequency
region (𝜈 6 0.5 THz, the wavelength in vacuum
𝜆 = 𝑐/𝜈 > 600 𝜇m, where 𝑐 is the speed of light)
of THz spectra, the radiation can penetrate most
nonmetallic and nonpolar substances. Therefore, the
imaging applications are a substantial part of the
technological development in this direction.
For the cost-effective and space-limited THz vision, important is the use of uncooled detectors, since
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the deeply cooled ones are bulky and expensive in
production and operation. To estimate the sensitivity limit, which should be achieved for the uncooled
detectors to operate in a passive regime, one can
use such parameter as the so-called noise equivalent
power (NEP), which characterizes the detector sensitivity as a minimal signal registered at the noise level
of the detector itself or noise from the background
radiation.
For THz/sub-THz region of ∼ 0.4–0.1 THz and
typical spectral resolution Δ𝜆/𝜆 ∼ 0.3 appropriate for the imaging for a diffraction-limited directdetection detector with dimensions close to the Airy
disk diameter, one can estimate the required detector
pixel NEP for an optical system with the aperture
input diameter 𝐷 ≈ 0.5 m, the distance between the
aperture and the object 𝑅 ≈ 5 m, and for the focal
length 𝑓 ≈ 𝐷 (𝑓 -number 𝐹/# ≈ 1) (if the detectivity 𝐷*(𝜆) ∼ const for thermal detectors), by using an
expression [12]
√ 𝜆∫︀𝑢
NETD 𝐴𝑑 𝜂
NEP ≈

𝜆𝑐𝑜

4

𝜕𝑃 (𝜆,𝑇 )
𝑑𝜆
𝜕𝑇

.

(1)

Here, 𝜂 is the detector quantum (coupling) efficiency,
(𝜆,𝑇 )
and 𝜕𝑃𝜕𝑇
is the derivative of Planck’s curve. The
coefficients 𝜏op , 𝜏atm , and 𝜏f which are the transmission coefficients of optics, the atmosphere, and a filter, respectively, were taken to be 1. Therefore, these
coefficients are omitted in Eq. (1)). Then, for the
spectral region 𝜆1 ≈ 0.85 mm, the spectral band
width Δ𝜆/𝜆 ≈ 0.3 (𝜆co ≈ 0.7 mm, 𝜆𝑢 ≈ 1.0 mm),
𝜂 = 1, and the practically sufficient temperature
resolution Δ𝑇 ≈ 0.1 K, the value of NEP1 (Δ𝑇 =
0.1K) ≈ 1.3 × 10−12 W. For the longer wavelength
region 𝜆1 ≈ 3.0 mm and for the same spectral band
width Δ𝜆/𝜆 ≈ 0.3 (𝜆co ≈ 2.5 mm, 𝜆u ≈ 3.5 mm),
NEP2 (Δ𝑇 = 0.1K) ≈ 4 × 10−13 W. In both cases, it
is accepted that the background temperature 𝑇 is the
black-body temperature 𝑇 = 𝑇bb = 310 K.
For the frame rate 𝑓r ≈ 10 Hz, the integration time
𝑡int ≈ 10−1 s for a single detector, and the noise
equivalent bandwidth Δ𝑓𝑒 = (2 × 𝑡int )−1 ≈ 5 Hz.
Then, for the detector pixel performance, we estimated NEP1 (Δ𝑇 = 0.1 K) ≈ 6 × 10−13 W/Hz1/2
and NEP2 (Δ𝑇 = 0.1 K) ≈ 2 × 10−13 W/Hz1/2 , respectively. If the coupling efficiency 𝜂 ∼ 0.1–0.3 (for
the detector with a wide frequency band antenna, as
ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 2
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a rule, this is a case for THz/sub-THz detectors) then
these values should be multiplied by 𝜂 1/2 .
From the detector parameters with NEP ∼
∼ 10−12 W/Hz1/2 , the arrays with 𝑀 > 10 detectors allow one to realize almost the real-time passive
direct detection imaging systems with the frame rate
of 𝑓𝑟 ∼ 10 Hz and the requirements of Δ𝑇 ∼ 0.5 K, by
using, e.g., uncooled Schottky barrier diode detectors
(NEP ∼ 10−12 W/Hz1/2 [13, 14]). Other types of uncooled detectors have NEP > 10−10 –10−11 W/Hz1/2
(see, e.g., [5] and references therein) and can be used
only in active imaging systems or, perhaps, in low
resolution systems with a larger number of detectors
in an array, which allows one to decrease the requirements to the detectors.
As a rule, the thickness of active layers for ordinary MCT photoconductive detectors is >10 𝜇m. To
improve the impedance matching of a THz MCT
bolometer active layer with an antenna, it is desirable to make its active layer thinner. Estimations
for IR detectors have shown that the base of the IR
response even at 𝑇 = 300 K is that the band-toband optical absorption is strong in a direct-gap MCT
semiconductor with chemical composition 𝑥 ≈ 0.21
(𝐸𝑔 (300 K) ≈ 0.17 eV ⇒ 𝜆co ≈ 7.4 𝜇m). At 𝜆 ≈ 5 𝜇m
and 𝑇 = 300 K, the absorption coefficient 𝛼 in such
layers is 𝛼 ≈ 5 × 10−3 cm−3 . Thus, in the active layers with the thickness 𝑑 ≈ 5 𝜇m, the approximation
of strong absorption (𝛼𝑑 > 1) is still valid. Since the
diffusion length is much larger than the thickness of
the active layer, there will exist approximately the
same generation rate 𝑔(𝑑) under illumination at any
absorption depth:
𝑔(𝑑) = 𝑑−1 𝜂i (1 − 𝑅)𝑁ph ,

(2)

where 𝜂i is the inner quantum efficiency (for MCT,
𝜂i ≈ 1), 𝑅 is the reflection coefficient (𝑅 ≈ 0.34),
and 𝑁ph is the number of photons falling down on
the active area of a photoconductor. From Eq. (2), it
follows that the responsivity will be inversely proportional to the depth of the active layer of a photoconductor that was proved experimentally for photoconductors on the base of similar layers grown by molecular beam epitaxy (MBE) [15]. Our research showed
that the highest responsivity within the different layers was observed in a detector with the active layer
thickness 𝑑 = 4 𝜇m. Following this tendency, we took
the layers with thicknesses 𝑑 that are less than the
ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 2

typical thickness 𝑑 ∼ 10 𝜇m for these photoconductors. To increase the impedance of MCT active layers, the 𝑝-type layers with the life time 𝜏 ∼ 5 × 10−8 s
were chosen to manufacture the detectors.
We considered the possibility to use the wellknown MCT layers as detectors in the sub-THz radiation frequency range 𝜈 ∼ 70–150 GHz and also
as photoconductors in the IR spectral region from 3
to 12 𝜇m. Such bi-color THz/sub-THz hot electron
bolometer and IR photoconductor consist of metal
bow-tie antennas deposited directly onto MCT epitaxial layers with GaAs substrates with the thickness
𝑑 ∼ 400 𝜇m and the high permittivity 𝜀 ≈ 13 (see
Fig. 1). It is not an effective design of sub-THz detectors as the thickness of a high-permittivity substrate
does not allow one to obtain an optimized NEP in the
sub-THz spectral region. But such design was applied
to demonstrate the responsivity of MCT detectors
both in the sub-THz and IR regions. The input of
radiation into the detecting elements from antennas
on low-permittivity substrates is much more effective,
as compared to antennas that are formed directly
on substrates with a high dielectric permittivity at
comparable thicknesses. The hybridizing technology
of small-area detectors with antennas on substrates
with a low dielectric permittivity [8] at room temperature allowed one to reach NEP ≈ 2.6×10−10 W/Hz1/2
in the 𝜈 ≈ 128–144 GHz radiation frequency range.
Here, the THz/sub-THz response of MCT detectors is observed in 𝑝-type layers with the hole concentration 𝑝78 K ≈ 5.6 × 1015 cm−3 , 𝑝78 K ≈ 5.7×
×1015 cm−3 at 𝑇 = 78 K for the chemical compositions 𝑥 ≈ 0.224, and 𝑥 ≈ 0.214, and the thicknesses of MCT layers to be 7.8 𝜇m and 6.3 𝜇m,
respectively. These layers at 𝑇 = 300 K have intrinsic conductivity with the intrinsic concentration
𝑛𝑖 ≈ 2.0 × 1016 cm−3 and 2.5 × 1016 cm−3 , respectively. The resistances of samples were ∼140–400 Ω
depending on their dimensions. It was supposed that,
in such 𝑝-type layers, one can observe not only the
room-temperature sub-THz responsivity but also the
IR one.
The detected IR spectra for one of the detectors
(with a design depicted in Fig. 1) are shown in Fig. 2
at 𝑇 = 78 K and 300 K. The IR photo-response was
obtained using a globar as the source of IR radiation with the temperature 𝑇 ≈ 1600 C and an IR
monochromator as a spectral instrument. As a dispersive element in an SPM-2 monochromator, the
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Fig. 2. Responsivity spectra 𝑆𝜆 of an MCT detector in the
IR region a – 𝑇 = 78 K, b – 𝑇 = 300 K

For the active vision in the sub-THz/THz region,
the radiation frequency range 𝜈 ∼ 150–300 GHz can
be suitable, since in this frequency range, the output power of sub-THz solid-state small size sources
is easily gaining a power of 15–50 mW. As the frequency increases, the power of solid state sources is
changing proportionally ∼ 𝜈 −2 , thus quickly decreasing up to 𝜈 ∼ 1 THz, where the so-called THz gap
is situated (see, e.g., [4]). At the same time, the sensitivity of sub-THz/THz detectors is decreasing also
∼𝜈 −2 − 𝜈 −4 , quickly going down, as the frequency
increases up to the far IR spectra region.
In the sub-THz range of radiation frequency 𝜈 ≈
≈ 140 GHz in MCT detectors under study, the noise
equivalent power was NEP ≈ 10−9 W/Hz1/2 , quickly
going down according to the dependence indicated
above. Thus, these single uncooled direct detection
detectors with a time response about the lifetime
(𝜏 ∼ 5 × 10−8 s) can be used only for the active
imaging that was successfully demonstrated [16] in a
sub-THz imaging system at the radiation frequency
𝜈 ≈ 150 GHz in a system with two-coordinate mechanical scanning and hyperbolic lenses, which allowed one to obtain diffraction-limited spots.
The example of a sufficient spectral resolution in
the radiation frequency range 𝜈 ≈ 150 GHz for the
lighter image with a room-temperature MCT subTHz detector is shown in Fig. 3. The image was
taken for a lighter in the envelope non-transparent
for visible light and through a 12-mm gypsum plasterboard. One can clearly see the different liquid gas
levels in two cells of a lighter.
3. Conclusions
It was shown that the thin MCT layers having intrinsic conductivity at room temperature can be successfully applied both to the IR and sub-THz/THz
detectors, though these detectors in the latter case
can be used only for the active vision.

a

b

Fig. 3. a – the image of a lighter in a nontransparent envelope
and through a 12-mm gypsum plasterboard, 𝜈 ≈ 150 GHz; b –
visible image. Continuous source power 𝑃 ≈ 15 mW

NaCl prism was used with the spectral resolution
Δ𝜆 ≈ 0.1 𝜇m. Detectors were current-biased with
𝐼bias = 50–100 𝜇A. The IR photoresponse (and also
the sub-THz one) was measured with a lock-in amplifier (Stanford SR 830).

118

The author thanks S. Dvoretskii for supplying the
MCT layers, V. Petriakov for the preparation of detectors, and V. Zabudsky and A. Golenkov for measuring some parameters of detectors.
1. A. Rogalski, Infrared Detectors (CRC Press, New York,
2011).
2. http://solarlove.org/top-solar-module-manufacturers2013/.

ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 2

Uncooled Wide-Range Spectral Optoelectronic Devices

3. S. Del Sordo, L. Abbene, E. Caroli, A.M. Mancini, A. Zappettini, and P. Ubertini, Sensors 9, 3491 (2009).
4. F. Sizov and A. Rogalski, Progr. Quant. Electr. 34, 278
(2010).
5. F. Sizov, V. Reva, A. Golenkov, and V. Zabudsky, J. Infrared Milli Terahz Waves 32, 1192 (2011).
6. V.N. Dobrovolsky and F.F. Sizov, Semicond. Sci. Technol.
22, 103 (2007).
7. V. Dobrovolski and F. Sizov, Optoelectr. Rev. 18, 250
(2010).
8. F. Sizov, V. Petriakov, V. Zabudsky, D. Krasilnikov,
M. Smoliy, and S. Dvoretski, Appl. Phys. Let. 101, 082108
(2012).
9. A. Bergeron, L. Marchese, É. Savard, L. LeNoc, M. Bolduc,
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Ф. Сiзов
НЕОХОЛОДЖУВАНI ОПТОЕЛЕКТРОННI
ПРИЛАДИ НА ОСНОВI НАПIВПРОВIДНИКА HgCdTe
У ШИРОКОМУ СПЕКТРАЛЬНОМУ ДIАПАЗОНI
Резюме
В статтi обговорюються результати дослiджень, якi
пов’язанi з розвитком та використанням iнфрачервоних
(IЧ) та суб-терагерцових (ТГц) приймачiв випромiнювання, що базуються на напiвпровiднику HgCdTe. Показано,
що напiвпровiдник КРТ (кадмiй–ртуть–телур) може бути
застосованим для створення “двокольорового” детектора,
який працює у IЧ та суб-ТГц дiапазонах спектра.
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