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HgCdTe Device Technology

Sergey Alekseevich Dvoretsky, Vladimir Vasilievich Vasiliev,
George Yurievich Sidorov, and Dmitriy Vitalievich Gorshkov

15.1 Introduction

Over the past few decades, solid solution of ternary mercury cadmium telluride
(MCT, HgCdTe) has demonstrated its excellent photoelectric performance for
numerous infrared (IR) applications in “technical vision” systems. HgCdTe ranks
first among a variety of solid-state photosensitive materials for the design and
manufacture of IR detectors due to its unique physical properties, such as bandgap
change over a wide spectral range, high absorption coefficient, high mobility, and
carrier life. High-quality HgCdTe IR detectors successfully operated in three impor-
tant atmospheric transparency windows: SWIR (1–3 μm), MWIR (3–5 μm), and
LWIR (8–14 μm), as well as in VLWIR (over 14 μm) and THz spectral ranges.

Scientific research of technological processes was carried out to implement high-
quality parameters of various HgCdTe IR detectors, determined by the background-
limited performance (BLIP). The developed technologies represent a database of the
developer companies, which is used for the development of specific focal plane
arrays (FPA) for the infrared range and subsequent optimization of their perfor-
mances. The scientific basis of technological processes of various manufacturers of
IR HgCdTe detectors does not differ greatly. However, the application of this
knowledge in the development of a specific version of technological processes for
the manufacture of IR FPA requires many additional experiments to obtain the
parameters of specific technological operations and their sequence to ensure the
optimal technology. The choice of chemicals, required temperatures for technolog-
ical processes, equipment, etc. determines the uniqueness of HgCdTe IR detector
technology of each developer and generates its know-how. This, in turn, provides
such technologies with the competition in the market. The rapid growth of the
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market of HgCdTe IR detectors is associated with the expansion of their field of
application, which requires single or small-format FPAs with a number of pixels up
to tens of thousands, up to unique megapixel matrices up to 17,000,000 pixels, and,
as a consequence, a large number of technologies.
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Nevertheless, given the uniqueness and compliance with the know-how of the
parameters of technological processes, the enormous information about the studies
of HgCdTe IR FPAs in the articles does not give detailed ideas about the technology
of their fabrication, let alone reproduction. There is only a general idea of how to
develop an HgCdTe technology that satisfies such requirements as (1) the possibility
of forming the required architecture of the photodetector, (2) creating conditions that
ensure the manufacture of photosensitive pixels with the required size and spectral
range of sensitivity, (3) the possibility of manufacturing photodetector matrices of
the required format, (4) the possibility of passivating pixels and ensuring the stability
of their parameters, and (5) creating ohmic low-resistance electrical contacts for
outputting a signal from a pixel, etc.

The main modes of operation of IR photodetectors based on HgCdTe, which is a
direct gap semiconductor, are photoconductive and photoelectric modes. The latter
approach, using the formation of p-n junctions or heterojunctions, is currently the
main direction in the development of infrared detector technologies based on
HgCdTe. In this chapter the technologies for the manufacture of a photovoltaic
matrix photosensitive element based on HgCdTe will be considered. We will discuss
the HgCdTe material technology, p-n junction formation technologies, wet and dry
etching technologies used for the matrix photosensitive element formation, passiv-
ation technologies by a deposition of dielectric layers, and the requirement for
electric contacts used in photodetectors.

15.2 HgCdTe Material Technology

The HgCdTe material technology has gone through a consistent path of development
from the bulk crystals to various epitaxial technologies. The evolution of the
technology of photosensitive HgCdTe material, considered in [1, 2], is shown in
Fig. 15.1. According to this figure, published in 2009, bulk crystal technology has
not yet been developed. But it should be noted that the interest in bulk crystals has
not been lost, and now single crystals of HgCdTe are produced in the required
quantities.

15.2.1 HgCdTe Bulk Crystal Technology

The photosensitive HgCdTe material for IR detectors appeared in 1959. Lawson [3]
and Schneider [4] synthesized the first HgCdTe bulk crystals. This research led to a
real revolution in infrared photoelectronics. It was shown that in the CdTe/HgTe



system, both compounds have infinite solubility with respect to each other and form
a continuous series of solid solutions with a change in the bandgap in a wide range of
the IR spectrum. Since the 1960s, with such impressive results, HgCdTe bulk crystal
technology has been expanded through the development of various growth methods.
The common requirements for obtaining the high-quality HgCdTe bulk crystal are
the following:
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Fig. 15.1 Evolution of the technology of photosensitive HgCdTe material. (Data extracted from
Refs. [1, 2])

• High purity of initial materials Cd, Te, and Hg, which will provide a low residual
impurity level and controlled intentional impurity doping to stabilize a low level
of electron photoconductor-based detectors and required hole concentration for
photodiodes.

• Equipment to ensure the growth processes taking into account a high pressure of
mercury during the crystallization of HgCdTe bulk crystals.

• Crucible materials and equipment must ensure minimal interaction with the initial
materials and their compounds at high temperatures.

Bulk crystal technologies associated with HgCdTe are summarized by Capper in
[5–8] based on data in [6–11] and are based on three basic methods: solid-state
recrystallization (SSR), traveling heater method (THM), and Bridgman methods.

15.2.1.1 Solid-State Recrystallization Method

In the solid-state recrystallization (SSR) method developed in the United States, pure
elements Hg, Cd, and Te are loaded into an etched silica ampoule and mixed in the
melt at elevated temperature [9]. Then the homogeneous melt of Hg, Cd, and Te is
rapidly quenched into air or oil up to room temperature. As a result of this process, a
dendritic structure is formed. To obtain single-crystal grains, subsequent recrystal-
lization of the synthesized material is required, carried out at temperatures below the
solidus line for a long time. Various methods have been proposed for reducing the
density of defects or eliminating the causes of their appearance in the synthesized
material in SSR processes. For preparing n-type HgCdTe, the grown p-type material
is converted to n-type material by thermal annealing in an Hg atmosphere. The



precipitation of second phase formed in the ingot of HgCdTe can be minimized by
increasing the partial pressure of Hg and slowing down the cooling process after
reheating the slices, while encapsulating in another ampoule of silica. In this case,
the dislocation density can be decreased to two orders of magnitude.
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15.2.1.2 Traveling Heater Method

Traveling heater method (THM) developed in France was presented by Triboulet in
[10]. In this method, the molten zone slowly moves through the solid homogeneous
source material (polycrystalline HgCdTe) as the ampoule moves through the heater.
During this process, dissolution of the material in the hot state and crystallization of
HgCdTe of the same composition at cold interfaces are observed in the temperature
gradient under steady-state conditions. The melt zone partially purifies the material
during the TMH process. THM makes it possible to grow longer and larger bulk
HgCdTe crystals up to 40 mm in diameter.

15.2.1.3 Bridgman Method

In the Bridgman process developed in the United Kingdom [8], pure elements Cd,
Hg, and Te are loaded into a purified silica ampoule and then are homogenized,
while heating to the melting state. Upon cooling, starting from the end of the
ampoule of a certain configuration, a large-grained ingot was grown. To reduce
radial temperature fluctuations, a slow rotation around the vertical axis was used. To
prevent accidental explosions, which can be caused by a pressure of 70 atm arising in
the ampoule upon rapid heating, the ampoule for the growth of HgCdTe crystals was
placed in an additional semi-hermetic cell. The accelerated crucible rotation tech-
nique (ACRT) is used to maintain the composition uniformity. The largest crystal up
to 70 mm in diameter was grown by the Bridgman method (see Fig. 15.2). It is seen
that the crystal structures degenerate with increasing diameter.

Fig. 15.2 HgCdTe wafers of different diameter grown by Bridgman process. (Reproduced with
permission from Capper [8]. Copyright 2017 Springer)
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In the former USSR (now in Ukraine), a HgCdTe bulk crystal, 50 mm in
diameter, was grown by the method of melt crystallization of HgCdTe solid solution
[12]. The composition of homogeneous HgCdTe solid solution corresponded to the
solidus temperature. The HgCdTe bulk crystal was doped with In with concentration
of (2–4) × 1014 cm-3 to a stabilized donor level. The dislocation density was
~3 × 105 cm-2 for HgCdTe doped with In and ~104 cm-2 for isovalent doping
with Se. After the growth of a bulk HgCdTe crystal, a concentration of Hg vacancies
of (1–10) × 1017 cm-3 and Te precipitations is observed. After thermal annealing at
~400 °C and further annealing at 250–280 °С in a saturated atmosphere of Hg, a
homogeneous HgCdTe bulk crystal can have p-type or n-type conductivity with a
carrier concentration of (5–20) × 1015 cm3 and (2–4) × 1014 cm-3, respectively.

15.2.2 HgCdTe Epilayer Technologies

Bulk crystal technology of HgCdTe with n-type and p-type conductivity makes it
possible to create single-crystal substrates for fabrication of small-sized
photoconductors and photovoltaic infrared detectors aimed for application in ther-
mal imaging systems. To increase the visibility range and more accurate spatial
resolution, which can be achieved through the use of large-format IR photodetector
arrays, epitaxial technologies for growing HgCdTe layers on various large-diameter
substrates have been developed. Epitaxial layers have an optimal thickness for
absorption of radiation, the required electrophysical parameters, and a minimum
number of defects. Heteroepitaxial structures (HES) made of HgCdTe grown on
various substrates are a “semi-finished product” that significantly improves and
simplifies the technology for fabricating devices based on HgCdTe. The first tech-
nology for growing epitaxial layers of HgCdTe was liquid-phase epitaxy (LPE),
which was the simplest method suitable for this purpose. However, to carry out LPE
processes, it was necessary to use only isovalent single-crystal substrates, such as
CdTe, which was used at the initial stage and was subsequently replaced by CdZnTe.

15.2.2.1 Liquid-Phase Epitaxy

At present time, LPE is the most developed epitaxial technology for growing high-
quality homogeneous HgCdTe epitaxial layers. Due to the relative simplicity and
high manufacturability of LPE, the HgCdTe technology has been introduced in the
industrial production. The main advantages of LPE technology are the following:

• Relatively low cost and high performance of the equipment
• Relatively low growth temperatures of 450–550 °С
• Uniform distribution of the composition over the area
• High crystal perfection
• Required electrophysical parameters
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Fig. 15.3 The scheme of decantation in dipping (left), slider (in the center), and tipping (on right)
types of LPE technologies

The analysis of the Cd-Hg-Te-phase diagram determined the main directions of
the LPE technology development based on the use of Te- or Hg-rich melts. In
connection with the use of various solvents, the development of LPE technology
was carried out by various methods, such as:

• Horizontal open-tube slider method
• Vertical dipping method
• Tipping method in a closed sealed quartz ampoule

The important key problems of the LPE method are associated with removing a
residual melt from the epitaxial layer surface (decantation) and maintaining a given
liquid-phase composition [13]. The scheme of decantation at different LPE tech-
niques is shown in Fig. 15.3. In a horizontal slider-type LPE, the decantation is
carried out by shifting the melt from the epitaxial layer surface by moving the parts
of the graphite boat relative to each other. In a vertical dipping-type LPE, the melt
flows free down from the surface under the gravity force. In a tipping-type LPE, the
revolute architecture is used to free the melt removal or in combination with a slide.
In [14, 15] it was shown that there are difficulties at the decantation of Te-rich melt
because of its viscosity and the low surface tension value. Thus, the existence of
residual melt drops is possible on the surface. It was proposed to carry out centri-
fugation to completely remove the Te-rich melt from the surface of the epitaxial
layer surface at the growth in a sealed ampoule. An important problem of LPE is
associated with the uniformity of the HgCdTe composition over the thickness of the
epitaxial layer. Hg evaporates from the melt during epitaxial processes, resulting in
uncontrolled composition of the growing HgCdTe layer. In a slider-type LPE with a
Te-rich melt, the loss of Hg is replenished by adding Hg vapor to the hydrogen flow
[14, 16] or HgTe to the melt [15, 17, 18].

Various designs of quasi-hermetic boats based on high-purity and dense graphite
have been developed [19, 20]. In the dipping-type LPE technology based on the
Hg-rich and Te-rich melt [16, 21], the growth of large-area homogeneous HgCdTe
layers is carried out from a very large melt volume called as “infinite melt” method



[22]. It was shown that the HgCdTe layers of high composition reproducibility
x = 0.223 ± 0.001 (further x means CdTe mol. fr. in Hg1-xCdxTe) over 54 cm2

area in 200 LPE runs were grown from a 4–4.5 kg Te-rich melt [23]. For Hg-rich
melts, the growth processes were carried out using a large mass of melt, up to 10 kg,
with a decrease in temperature in the range of 200–245 °С [24–26]. The problem of
changing the composition in the epitaxial layer during the growth in the closed
tipping-type method is absent due to the constancy of the melt composition The
Te-rich melt decantation using the revolute architecture and centrifugation was
applied in [27–29]. When growing in a sealed ampoule, it was proposed to replace
the CdTe substrate and to use two temperature zones of the furnace to enrich the
Te-rich melt with Hg [30].
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The characteristics of the HgCdTe HES material grown by the LPE method on
(111) A, (111) B, (100) and misoriented from single-crystal CdZnTe substrates were
studied by various physical methods. The presence of threaded and screw disloca-
tions, as well as micron and submicron Te precipitates in epitaxial layers of HgCdTe
grown from a Te-rich melt of sliding type [17, 31], dipping type [16, 32] and Hg-rich
melt dipping type [26], and closed system tipping type [27], regardless of the growth
method, was found. The dislocation density decreased from the interface to the
surface throughout the entire thickness and reached a constant value
(5–50) × 104 cm-2. Thus, it was found that the dislocation densities on the surface
are determined by the dislocation density in the substrate and are practically inde-
pendent of the substrate/layer-matching conditions in the LPE method [33, 34]. Te
precipitates in LPE epitaxial layers are localized, as a rule, near the interface and at
the surface. The dependence of precipitate value on the growth conditions and the
substrate misorientation from the (111) plane was found [32]. The specific feature of
the surface morphology of the HgCdTe LPE epitaxial layer grown from a Te-rich
melt is the presence of terraces, which is determined by the misorientation from
optimal orientation (111) [16, 17, 32]. It is shown that the number of terraces
decreases and a smoother surface is observed for misoriented substrates on 1.2–2
degrees from (111) A and (111) B. In addition, the smoothest and crystal-perfect
layers are obtained at a minimum interval and cooling rate [16, 18]. The undoped
LPE epitaxial layers, grown from Te-rich melts at 450–550 °С, have the р-type
conductivity with the hole concentration and mobility (0.5–2.0) × 1017 cm-3 and
(150–300) cm2V-1 s-1 at 77 К, respectively. It is necessary to provide a
low-temperature thermal annealing in the Hg vapor in order to reduce the concen-
tration of holes or convert the material from p-type to n-type conductivity. The
highlighting of experimental results was presented in [35–39]. The following two
types of annealing are used: (a) under Hg vapor pressure control and (b) under Hg
saturated vapor pressure. It was found that the concentration of holes decreased to
optimal values (0.5–2.0) × 1015 cm-3, and the mobility was at least 300 cm2V-1 s-1

at 77 K when the thermal annealing temperature decreased. At a certain temperature
of thermal annealing, the p-type conductivity was converted to n-type. This temper-
ature depended on the growing conditions for HgCdTe LPE epitaxial layers and
varied in the range of 230–330 °С. In this case, the electron concentration differs in
different samples by an order of magnitude. In the purest HgCdTe LPE epitaxial



layers, after the thermal annealing at 260 °С during 100 hours, the electron concen-
tration of 5 × 1013 cm-3 at 77 K was reported in [27]. The intentional HgCdTe
doping during LPE growth makes it possible to significantly increase the reproduc-
ibility of the required electrophysical properties. A detailed analysis of the doping
technology is presented in [40]. Very efficient doping was carried out with In, which
provided ~100% degree of ionization and controlled electron concentration in the
range (1.0–50) × 1014 cm-3 [22, 24, 27].
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15.2.2.2 Metal-Organic Vapor-Phase Epitaxy

The results on growing HgCdTe layers using a metal-organic compound (MOVPE,
MOCVD) by direct HgCdTe growth were first published in 1981 [41]. However, the
method of direct growth of the HgCdTe layers did not allow obtaining the required
quality of these layers, which is determined by the growth conditions during
deposition process. Significant progress has been achieved only with the application
of the MOCVD method, which is called the interdiffusion multilayer process (IMP)
[42]. When using IMP method for HgCdTe layer growth, thin double layers of
CdTe/HgTe, each 0.1–0.2 μm thick, are deposited with repetition and interdiffusion
at the growth temperature. The composition of HgCdTe layer is changed by chang-
ing the ratio of CdTe and HgTe layers’ thicknesses. Schematic cross section of the
Aixtron AIX-200 reactor for the MOCVD HgCdTe growth is shown in
Fig. 15.4 [43].

The HgCdTe layers were grown on 2 inch epiready, oriented 2° off (100) GaAs
substrates to (110) in horizontal MOCVD reactor with H2 carrier gas by the IMP
process, using the following precursors: diisopropyl telluride (DiPTe), dimethyl

Fig. 15.4 Schematic cross section of the Aixtron AIX-200 reactor. (Reproduced with permission
from Piotrowski et al. [43]. Copyright 2007 Springer)



cadmium (DMCd), and elemental mercury. A tris-dimethylamino arsenic
(TDMAAs, As[N(CH3)2]3) was used to control acceptor doping in the 1014–
5 × 1017 cm-3 range. An ethyl iodide (EI) was used for control donor doping in
the 1014 cm-3–1 × 1018 cm-3 range. The substrate temperature was kept at 350 °C
and mercury zone at 210 °C. Tellurium flush during nucleation process provided
(111) CdTe growth. Surface morphology of (111) HgCdTe was improved by
thermal annealing of GaAs substrate at 600 °C in hydrogen flow before Te nucle-
ation [44]. The II/VI mole ratio was kept in the range from 1.5 to 5 during CdTe
cycles of the IMP process. Typically, 3–4-μm-thick CdTe layer was used as a buffer
layer, reducing stress caused by crystal lattice misfit between GaAs substrate and
HgCdTe epitaxial layer structure. The given MOCVD setup (scheme in Fig. 15.4)
and the technological process describe the MOCVD technology.
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However, there are differences in MOCVD technology developed by other
researchers and manufacturers. Various MOCVD settings, precursor materials,
specific cultivation processes, substrates, etc. determine these differences. GaAs
substrates have proven to be the preferred substrates for growing high-quality
MOCVD HgCdTe layers over large areas. The Si substrate is more attractive than
the GaAs substrate. However, it is very difficult to implement the MOCVD HgCdTe
technology on Si substrates due to the problem of in situ removal of thermal oxides.
The optimal thickness of the CdTe buffer layer on the GaAs substrate for achieving
high crystal quality and reducing the gallium doping level was determined in
[44, 45]. This makes it possible to reduce the defect density and improve the quality
of the HgCdTe epitaxial layers [46]. The orientation of the substrate should provide
HgCdTe layers with a mirror-smooth surface, a minimum number of macrodefects,
and the required doping level.

In Great Britain and Poland, the preferred orientation for MOVPE growth of
HgCdTe is still misoriented (100) GaAs [44]. In the United States, (211)B CdZnTe
substrates are the preferred orientation for MOCVD. In Russia, GaAs substrates with
orientation (100) and (310) are used [47]. Surface roughness depends on the
orientation of the substrate, surface preparation, and the nucleation process at the
initial stage of growth. Although the surface roughness for (211)B HgCdTe is about
half that for (111)B HgCdTe, the latter orientation gives the progress in improving
the parameters of the IR detector. Growth temperatures for the IMP method range
from 230 to 410 °C and are determined by the initial choice of metal-organic
compounds (MOCs) [48–50].

The use of photostimulated and plasma-stimulated decomposition of MOCs in
the gas phase allows the growth temperature to be reduced to 150 °C and 135 °C,
respectively [51]. The IMP method makes it possible to obtain multilayer
heterostructures with different designs of composition and doping distribution over
the thickness, mirror-like surface morphology, and uniformity of HgCdTe compo-
sition over the surface area. This makes it possible to provide the processes of
thermal annealing and deposition of a passivation coating in one growth cycle. In
MOCVD, as in MBE, layer thickness and precursor concentration can be monitored
using ellipsometry and in situ laser reflectometry [43, 52]. All this makes it possible
to manufacture large-area IR focal plane photodetector arrays (FPAs) based on



MOCVD HgCdTe layers with high operating parameters [5, 53]. The main disad-
vantage of the MOCVD HgCdTe technology is the toxicity of original precursors
used during this process.
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Studies of the behavior of impurities in epitaxial HgCdTe MOCVD epitaxial
layers are presented in [54–57]. It was found that Ga, In, Al, and I exhibit donor
properties, while P, As, and Sb exhibit acceptor properties. The most widely used
impurities for obtaining n-type and p-type conductivities are I [43] and As
[57, 58]. In the IMP, the doping with As is carried out during the growth of the
CdTe layer and, as a rule, with an excess of Cd in the gas phase [58, 59]. The arsenic
precursor AsH3 provides almost 100% electric activities of As. However, due to its
toxicity, other arsenic precursors have been considered. In the case of the precursors,
such as trimethylarsine ((CH3)3As) and diethylarsine ((C2H5)2AsH), doping with As
led to its concentrations below 1016 cm-3 and low electrical activation [60] or to the
formation Shockley-Read-Hall (SRH) recombination centers [3]. The most promis-
ing precursor for doping HgCdTe with arsenic is TDMAA, which, upon decompo-
sition with the formation of atomic As, makes it possible to obtain 100% electrical
activation of arsenic [43, 61].

The lifetime of minority carriers in HgCdTe doped with As from TDMAAs is an
order of magnitude higher than lifetime in HgCdTe doped with other metal-organic
precursors and is limited only by fundamental recombination processes [62]. It is
important that the composition of the grown HgCdTe layers depends on the precur-
sor used for doping. For example, a decrease or an increase (10% (x ~ 0.2)) was
observed in the composition of the HgCdTe layers upon doping with As from AsH3

or TDMAA, respectively. A significant increase in the composition of HgCdTe was
also observed upon HgCdTe doping with InMe3 and AsMe3, and a decrease in the
case of SbMe3 [63].

15.2.2.3 Molecular Beam Epitaxy

Significant possibilities to realize the unique properties of HgCdTe for different
applications, both in the traditional direction in the development of IR technology
devices and in the direction of development of devices based on quantum phenom-
ena, are associated with the technology of growing HgCdTe structures by molecular
beam epitaxy (MBE). MBE is a very modern flexible technology and is widely
developed due to the following advantages:

• Minimal low growth temperature (160–200 °C), which provides sharp interfaces
between layers, a low background impurity doping level below 1011 cm-3, and a
low impurity diffusion from the substrate

• Absence of an aggressive medium, which allows using alternating Si, GaAs, and
Ge substrates large in diameter

• Monitoring of growth processes by different electron and optical tools in situ
• Growth processes of multilayer HgCdTe HES with a required composition design

and doping throughout the entire thickness, including CdTe/HgTe superlattices,
HgCdTe/HgTe/HgCdTe quantum wells, and other nanostructures.
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Ultrahigh vacuum (UHV) MBE setups have been developed for growing
Hg-containing compounds and, first of all, HgCdTe HES using MBE technology.
The latest generation of UHVMBE setups allows growing HgCdTe HES on 1 × 150
(200) mm (6″(8″)), 4 × 100 mm, or 5 × 76.2 mm substrates, such as MBE 49, RIBER
412, Veeco 20, and VG Semicon V-100, which advance the HgCdTe growth. In the
Rzhanov Institute of Semiconductor Physics, Siberian Branch of Russian Academy
of Sciences (ISP SB RAS), a multiple-chamber UHV MBE setup “Ob’-M” was
developed for the growth of HgCdTe HES without rotation of 100 mm in diameter
substrates [64]. All UHV MBE setups are equipped with oil-free pumps to obtain a
residual gas pressure of less than 10-9 Pa. Technological chambers are equipped
with molecular beam sources, usually Knudsen type, for basic and doping materials,
a manipulator with heaters, and analytical equipment for monitoring the growth
processes, such as reflection high-energy electron diffraction (RHEED), spectral
ellipsometry and single-wavelength ellipsometry in situ, and vacuum and tempera-
ture gauges. The ellipsometry monitoring does not affect the growth processes over
RHEED, especially in case of HgCdTe, and provides a high-accuracy monitoring in
situ of the substrate temperature, composition, growth rate, thickness, and surface
roughness [65–67]. To obtain a high uniformity of HgCdTe layer’s composition,
thickness, and doping level over the surface area during growth on large-diameter
substrates, it is necessary to rotate the substrate, which limits the application of
monitoring in situ. Large volume ring-type Cd and Zn, Knudsen-type Te molecular
beam sources, and a ring-type Hg flux former coaxially designed together provide
high composition uniformity over the surface without substrate rotation
(Fig. 15.5) [68].

The Te molecular beam source has a low-temperature evaporation zone and a
high-temperature zone of flux formation at the outlet. Cd and Zn molecular beam
sources and Hg flux former have a narrow aperture outlet [69]. The proposed design
of the technological unit allows obtaining the HgCdTe composition uniformity over
the substrate area without substrate rotation, compared with the best-published data.
CdZnTe, GaAs, Ge, and Si are used as the basic substrates for the growth of HgCdTe
HES by MBE. CdZnTe substrates provide the growth of high-quality HgCdTe HES
for IR FPAs operated in important spectral ranges, such as 1–3 μm (SWIR), 3–5 μm
(MWIR), 8–14 μm (LWIR), and over 14 μm (VLWIR). But at present, preference is
given to larger-area GaAs, Ge, and Si substrates from the point of view of a
significant reduction in material cost and subsequent costs for MFP. Despite the
high mismatch of crystal lattices between HgCdTe and GaAs, Ge, and Si, numerical
studies make it possible to develop MBE technologies for high-quality growth of
large-area HgCdTe HES on such substrates. The low growth temperatures of
HgCdTe and the strong dependence of the mercury sticking coefficient [70] require
the choice of orientation to obtain high-quality layers [71]. Studies of the growth of
HgCdTe on (100), (111)B, (211)A, (211)B, and (013) substrate orientations showed
that better surface morphology, the absence of twins, and higher sticking coefficients
are achieved through the use of (211)B and (013) orientations [72, 73]. To maintain
the initial substrate orientation and eliminate a large lattice mismatch between Si,
GaAs, Ge, and HgCdTe, it is necessary to grow, sequentially, a buffer layer of ZnTe
and CdTe for creating alternative CdTe/ZnTe/Si (GaAs, Ge) substrates [74–76].
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Fig. 15.5 The scheme of
Cd and Zn ring-type and Te
Knudsen-type molecular
beam sources and Hg flux
former location in HgCdTe
deposition chamber

Before growing, the surface substrates were prepared by liquid chemical etching
(no need for epiready) and thermal cleaning in a vacuum. All substrates were cleaned
in an organic solvent. This is followed by chemical etching of CdZnTe in 0.5–1 vol.
% Br/methanol [5], Ge in the H3PO4:H2O2:H2O solution [76], GaAs in the H2SO4/
H2O2/H2O [77] with the following treatment in the HCl:isopropanol solution, and
Si – in RCA, based on HF. Thermal annealing of CdZnTe substrates in ultrahigh
vacuum was carried out at 220 °C to remove the passivating layer of Te, Ge
annealing at ~650 °C to remove oxides in As flux, annealing of GaAs substrates at
~580 °C to remove oxides (in case of epiready) [78] or the As passivation layer, and
Si annealing at 550–600 °C to remove the hydrogen passivation layer. The last
technological procedure for creating an atomically clean and smooth substrate
surface before growing HgCdTe is necessary for growing at 200–320 °C a thin
CdTe layer on a CdZnTe substrate, as well as a thin ZnTe and a thick CdTe buffer
layer on Ge, GaAs, and Si substrates [5, 77, 78].
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The (211)B HgCdTe/CdZnTe HES technology on a (8x8) cm2 CdZnTe substrate
was developed in Teledyne [79] and Raytheon [80]. The growth of the HgCdTe
layer is carried out at T ~ 180–190 °С from the sources of Te, CdTe, Hg, In, and
As. The obtained HgCdTe HES had the following parameters: x = 0.2072 ± 0.0021
(cutoff wavelength λc = 11.0 ± 0.1 μm at 78 K), thickness 13.26 ± 0.06 μm; the
electron concentration ranged from 1014 to 1016 cm-3, and the density of
macrodefects was less than 10 cm-2 for sizes exceeding 10 microns, less than
103 cm-2 for sizes 4–10 μm, and less than 104 cm-2 for sizes less than 4 μm. The
dislocation density was less than 5 × 105 cm-2. In Sofradir, the technology (211)B
HgCdTe/Ge HES was developed on Ge substrates with a diameter of 100 and
125 mm with spectral ellipsometry control [84, 85]. The temperature distribution
over the substrate was no worse than 3 °C and was kept in the process no worse than
0.25 °C. The following parameters of HgCdTe HES were obtained: mirror-smooth
surface, density of macrodefects from 200 to 300 cm-2, and density of dislocations
from 5 × 106 to 2 × 107 cm-2. 1280 × 1024 IR FPAs with a pixel size of 15 μm were
manufactured with the following parameters: wavelength cutoff, 5.20 ± 0.04 μm;
sensitivities, 7.7 × 109 V/W and 2.75 A/W; quantum efficiency, 70%; NETD,
19 mK; and operability, more than 99.8%. These results lead to the conclusion
that HgCdTe/Ge HES technology provides a high quality of megapixel
MWIR FPAs.

The (211)B HgCdTe/GaAs HES technology on 100 mm in diameter GaAs sub-
strates was developed in AIM Infrarot [81]. The resulting MCT layers had the
following parameters: the homogeneity of the composition of HgCdTe for the
MWIR and LWIR spectral ranges was ±1% in area, the dislocation density was
(2–3) × 107 cm-2, and the density of macrodefects was 50 cm-2 with their size
<10 μm and 4 cm-2 at a size >10 μm. The improvement of the technology was
associated with the introduction of wide-gap passivation layers, which led to an
improvement in the performance of IR 640x512 FPAs [81]. The Rzhanov Institute of
Semiconductor Physics SB RAS has developed the (013)HgCdTe/GaAs HES tech-
nology on GaAs 3 inch substrates without rotation using the growth process control
by single-wave ellipsometry [75, 82, 83]. The popular “semifinal” HgCdTe HES has
wide-gap gradient layers (x = 0.18–0.32) at the absorber interface and the surface to
simplify the technology of manufacturing IR detectors and improve their parameters
(see Fig. 15.6). The concentration and mobility of electrons varied in the ranges
1014–1015 cm-3 and (0.5–1.5) × 105 cm2V-1 s-1, respectively. The lifetime of minor
charge carriers varied from 1 to 10 μs. The dislocation density was about
5 × 106 cm-2. The p-type HgCdTe HES with hole concentrations
(5–20) × 1016 cm-3 was obtained during the thermal annealing at 200–220 °C for
24 hours. The (211)HgCdTe/GaAs HES technology on Si 6 inch substrates was
developed at Raytheon [86]. Growth temperature and molecular fluxes of Hg, Cd,
and Te have been optimized to grow high-quality HgCdTe HES. The p+-n detec-
tors, based on the double-layer heterojunction structures (DLHJ), were grown for
single-spectral IR FPAs.

For MWIR HgCdTe HES, the composition uniformity was ~0.1% (the cutoff
wavelength – ±0.2 μm); dislocation density, 5 × 106 cm-2; and macrodefects



density, less than 100 cm-2. For 640 × 480 IR FPAs, the following high-sensitivity
values were obtained: NETD 19 mK, operability 99.7% for MWIR, and NETD
22 mK, operability 99.3% for LWIR. Thus, it was shown that HgCdTe/Si layers
provide IR FPAs a quality comparable to that based on HgCdTe/CdZnTe layers.
Recently [87] reported impressive results of growing HgCdTe HESs on Si substrates
200 μm in diameter. Twin-free high-quality HgCdTe layers were obtained with the
following HgCdTe HES parameters: composition, x = 0.2903 ± 2.2% (the cutoff
wavelength – 5.26 ± 5%); thickness, (9–10) ± 0.33 μm; and macrodefects density,
22–170 cm-2. The As concentration varied in range (1.5–3.5) × 1018 over a length of
100 mm from the center to the edge. A photograph of HgCdTe/Si structures grown
on 6 and 8 inch Si substrates is shown in Fig. 15.7a.
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Fig. 15.6 The HgCdTe composition distribution throughout the thickness in HgCdTe layer with
graded wide-gap layers on absorber interface and surface. Inset showed the temperature during the
HgCdTe growth. The points are HgCdTe composition measured by transmission spectra with layer-
by-layer etching. (Data extracted from Ref. [83])

The (013) HgCdTe/Si HES technology on Si substrates up to 4 inches in diameter
was developed in Rzhanov Institute of Semiconductor Physics SB RAS for MWIR
IR FPA [88, 89]. A photo of HgCdTe/Si structures grown on 4 inch Si substrates is
shown in Fig. 15.7b. The HgCdTe HES had the following parameters: mirror-
smooth surface; the density of macrodefects, less than 500 cm-2; and thickness
~5 μm, x = (0.3–0.35) ± 0.002 (cutoff wavelength ~0.1 μm) at 77 K. As-grown
undoped HgCdTe layers had n-type conductivity with electron concentration, mobil-
ity, and lifetime (5–10) × 1014 cm-3, (15000–25,000) cm2V-1c-1, and 5–15 μs,
respectively. After thermal annealing HgCdTe layers had p-type conductivity with
hole concentration, mobility, and lifetime (1–15) × 1015 cm-3, (200–400) cm2V-1c-1,
and 3–50 ns, respectively. In P+-n DLHJ n-HgCdTe In-doped absorber had the
following parameters: thickness ~5 μm, x= 0.29–0.31, and n= (1–10) × 1015 cm-3.
The p+-HgCdTe layers doped with As ions and two-step thermal annealing, first at
360 °C and then at 225 °C, had the following parameters: x = 0.35–0.6 and
p = (1–10) × 1017 cm-3. DLHJ structures are used for the manufacturing of large-



format IR FPAs operating at elevated temperatures. It was shown that HgCdTe
layers with a dislocation density of less than 5 × 105 cm-2 do not affect the
photoelectric parameters of IR FPAs. HgCdTe/CdZnTe HES technology has low
dislocation density and allows obtaining high-quality IR FPAs in wide spectral
range. HgCdTe/Si(Ge, GaAs) HES technology has high dislocation density exceed-
ing 5 × 106 cm-2. Nevertheless, SWIR, MWIR, and LWIR IR FPAs based on
HgCdTe/Si(GaAs, Ge) HES have sensitivity which is comparable to those based on
HgCdTe/CdZnTe. For VLWIR IR FPAs, the sensitivity is an order of magnitude
lower [90]. It was shown earlier that the dislocation density in the (211)HgCdTe/Si
HES was decreased to 106 cm-2 by a fast thermal cycling during 1 min in the range
290–350 °C without a composition change [91]. Macrodefects on the surface in the
form of hillocks or pits (voids, V-defects) determine the quality of HgCdTe HES and
the performance of IR photodiodes [92]. V-defects inside p-n junctions are called
“killers.” It was found that the presence of V-defects near the p-n junction is the
reason for the increase in the dark current. The reasons for the formation of V-defects
are the crystallization of elemental tellurium during growth in places of deficiency of
mercury and high temperatures [93–95].
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Fig. 15.7 The photograph of HgCdTe/Si structures: (a) 8″ in diameter and 6″ in diameter; (b) 4″ in
diameter. ((a) Reproduced with permission from Reddy et al. [87]. Copyright 2019 Springer; and
(b) from Yakushev et al. [88]. Copyright 2011 Springer)

It was shown that well-controlled n-HgCdTe in MBE technology is easily
achieved by the intentional In doping in a wide range of 1014–1019 cm-3 [96]. The
introduction of Hg vacancies provides the obtaining of p-HgCdTe with the hole
concentration in the range (5–20) × 1015 cm-3. However, they are unstable to
diffusion processes, reduce the hole mobility, and act as SRH recombination centers
[97]. Group I elements show up to 100% activation upon doping during growth and
exhibit excellent transport properties. However, such impurities quickly diffuse,
both during growth and during thermal annealing, which does not allow the use of
these impurities for obtaining a stable p-type and their application in the device
technology. The low diffusion coefficient of As atoms allows the growth of stable,
well-controlled p-type layers and p-n junctions. After growing, As-doped HgCdTe
layers show their n-type conductivity [98]. For the conversion to p-type



conductivity, it is necessary to activate As for the insertion into Te vacancies.
Several activation methods have been proposed. The standard activation method
consists of a two-stage thermal annealing, first for 10 min at 425 °C and then for
24 hours at 250 °C, which leads to almost complete activation of As to a hole
concentration of ≥1018 cm-3.
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15.3 Etching Technology

The HgCdTe etching material technologies are used in the mesa technology of
manufacturing IR detector. It is necessary to divide pixels for cross-talking elimina-
tion that leads to the deterioration in the frequency-contrast characteristic. The
etching technology can be carried out by using liquid-phase (wet) or gas-phase
(dry) etchings.

In wet etching the solution of Br in HBr [99] or Br in methanol (Br/Me) [100] is
used as a liquid etchant. The etching rate is determined with high precision by
accurately controlling the concentration of the liquid etchant and the temperature. It
was shown that the temperature affects the etching rate during technological process
using a Br solution in HBr [101]. The linear dependence of the groove depth on the
etching temperature is shown in Fig. 15.8. It was shown that the etching temperature
in the range from -18 °C to +15 °C does not change the surface morphology.

It was shown that an etching rate of ~10 nm/min makes it possible to provide a
groove depth of 50 ± 5 nm in HgCdTe with good accuracy. The disadvantages of
wet etching include the following:

• Formation of an excess Cd layer on the surface of the HgCdTe grooves after both
Br/HBr and Br/Me with cadmium oxide as the last etchant

Fig. 15.8 The etched depth
of HgCdTe vs. temperature.
The inset shows a scanning
electron micrograph of the
groove etched at -18 °
C. (Reproduced with
permission from Causier
et al. [101]. Copyright 2011
Springer)
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Fig. 15.9 The SEM photo of 30 × 30 μm diode area after dry etching using inductively coupled
plasma (ICP): (a) top view; (b) cleaved lateral face. The mesa depth is approximately 15 μm. The
photoresist is used at etching process and then removed. (Reproduced with permission from Cmith
et al. 2003. Copyright 2003 Springer)

• Anisotropic nature of groove etching (see inset in Fig. 15.8)
• Reduction of pixel sizes at large groove depth

Dry etching technological processes, using ionic and plasma-chemical modes
have been intensively developed. In the ionic mode, Ar gas is used to create ions for
the etching process [102, 103]. In the plasma-chemical mode, the following gas
mixtures are used: Ar+H2 [99, 104], CH4+H2 [99], CH4+Ar [99], CH4+H2+Ar
[99, 104], H2 + Ar + N2 [99], and CH4 + H2 + N2 + Ar [104]. In the case of the
CH4 + H2 + Ar gas mixture, Te(CH3)2, TeH2, Cd(CH3), and Hg were formed as
etching products [105, 106]. However, in the case of the H2 + Ar gas mixture,
etching products TeH2 and Hg were formed [105]. This means that for etching Cd, a
CH3 radical is required. The SIMS studies show that the addition of N2 to the
CH4 + H2 gas mixture leads to the formation of NH3 and HCN [106]. The addition
of N2 to the CH4 + H2 + Ar gas mixture leads to a decreasing H concentration and
an increasing in the CH3 radical density [99, 107, 108]. The SEM photos of HgCdTe
top (a) and cleaved (b) views after the dry etching of HgCdTe in inductively coupled
plasma (ICP) [109] are shown in Fig. 15.9.

The advantage of dry etching technology is associated with anisotropic etching
(see Fig. 15.9). The disadvantage of dry etching is the formation of a damaged layer
on the surface after etching. Donor complexes are usually formed in the damaged
layer. The formation of a donor complex in a damaged layer has been studied in
detail during ion beam etching with argon [102, 103]. It was found that the donor
complexes are based on interstitial Hg atoms captured by a defect formed during
etching. In the damaged layer, the conductivity is converted from p- to n-type. The
concentration of charge carriers over the thickness after ion etching of p-HgCdTe
[111] is shown in Fig. 15.10. It is clear that the thickness of n-type conductivity at the



conversion process exceeds 7 μm. After dry etching of In-doped n-HgCdTe, a thin n
+-type layer is formed on the surface. It should be noted that the concentration of
electrons in the damaged layer depends on the storage time. Numerous studies
showed that the thickness and electron concentration in the damaged layer depend
on the ion energy, ion flux, and the temperature of etching. It was also found that the
thickness of the damaged layer and etch depth are represented by the square root and
linear dependences on time [112]. The Hg interstitial atom migration energy was
determined as 120 ± 30 meV. To minimize the influence of the damaged layer on the
characteristics of the diodes, it is proposed to remove the damaged layer by liquid
etching followed by annealing [104].
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Fig. 15.10 The charge
carrier concentration profile
in ion-etched HgCdTe: solid
squares corresponded to
electrons, open squares
corresponded to holes.
(Reproduced with
permission from Izhnin et al.
[103]. Copyright 2017
Elsevier)

The study [113] showed the possibility of plasma-chemical etching without the
formation of a damaged layer. This method is very promising, since the technolog-
ical process of removing the damaged layer formed during other dry etching
processes is excluded.

15.4 HgCdTe Surface Passivation Technology

The HgCdTe surface passivation technology plays a key role in reducing or elimi-
nating surface leakage currents. These currents lead to a significant increase in the
dark current of photoconductor and photovoltaic detectors and a decrease in their
sensitivity. The requirements for the HgCdTe surface passivation technology are the
following [114, 115]:

• Good adhesion of the passivation layer
• Stability of the interface between the HgCdTe surface and the passivating layer

during temperature cycling in the range of 78–300 K
• A small built-in charge
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Fig. 15.11 The scheme of cross section of fabricated diodes on the base of Hg vacancy-doped
p-type MWIR material from Fermionics Corporation grown by LPE. The CdTe is used as both a
passivant and a mask for the plasma-based type conversion. The diodes were passivated with
200 nm of ZnS and contacts were formed with Au/Cr. (Reproduced with permission from Smith et.
al., [110]. Copyright 2007 Springer)

The most developed passivation of the n-p diodes, fabricated on the basis of Hg
vacancy-doped p-HgCdTe by CdTe and ZnS [115], is shown in Fig. 15.11.

The deposition temperature of the passivating layer is very important, since Hg
begins to evaporate from the HgCdTe surface already at temperatures above 80 °C
[116]. It should also be noted that for the passivation of p-HgCdTe, it is necessary to
exclude the conversion of the conductivity type during the deposition of the passiv-
ation coating [117]. The built-in charge in the dielectric coating can significantly
affect the quality of the photodiodes. It has been shown that the surface potential
affects both the differential resistance diode (Rd) and the noise spectrum [115]. The
noise spectrum of an n-p diode is shown in Fig. 15.12. It is clear that the noise is
decreased with an increase of frequencies and depends on the gate voltage that
should be explained by the influence of the built-in charge at the interface (passiv-
ation coating (CdTe+ZnS)/HgCdTe). It should be noted that there is a difficulty in
identifying the density of surface states at the passivation coating/semiconductor
interface. The most common Terman method for calculating the density of surface
states requires an ideal capacitance-voltage (C-V) characteristic. The difficulties in
the calculations of an ideal C-V characteristic are associated with the nonparabolicity
of the HgCdTe band structure and the effects of quantization of charge carriers. The
most complete consideration of all HgCdTe features when calculating the C-V
characteristic was carried out in [118]. The authors used different approximations
when calculating the ideal C-V characteristic. Therefore, it is impossible to statisti-
cally compare the density of surface states obtained in different studies.

The HgCdTe passivation technology can be conditionally divided into four types,
taking into account the nature of coating layer, for example:

• Anodic and plasma oxides
• Sulfides
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Fig. 15.12 The noise spectrum of a gated 300 μm in diameter photodiode at 77 K for various gate
biases. (Reproduced with permission from Smith et. al., [110]. Copyright 2007 Springer)

• Deposited layers with dielectric properties (SiOx, SiNx, Al2O3)
• Wide bandgap semiconductors (HgCdTe, CdTe, ZnS)

Anodic oxide (AO) effectively passivates the surface of n-HgCdTe and therefore
can be used in the manufacture of IR photoconductive detectors. Wet anodizing is
carried out at room temperature in a solution of 0.1 M KOH in 90% ethylene glycol/
10% water at a current density of 0.1–0.3 mA�cm-2 [119]. However, upon passiv-
ation of p-HgCdTe with anodic oxide, a large positive fixed charge is formed on the
surface of the n-type inversion layer. The density of fixed anodic oxide/HgCdTe
surface charge varies within (5–20) × 1011 cm-2. The fast surface states are
U-shaped and have a minimum located at the center of bandgap. Slow surface
traps cause small hysteresis in the C-V characteristics. Therefore, the anodic oxide
is not used as a passivation coating for the HgCdTe surface in the manufacture of IR
photodetectors [117].

Plasma oxides also have passivating properties. They are grown on the HgCdTe
surface using a commercial gas mixture of oxygen and trifluoroethane in a commer-
cially available plasma stripper system (LFE Corporation, model PDS/PDE-301).
Low-pressure cold oxygen plasma (0.2–0.4 Torr) is formed by RF power supply
(10–50 W, 13.5 MHz). The HgCdTe sample has a positively biased voltage
(20–100 V) relative to ground. The fixed surface charge (plasma oxide)/HgCdTe
interface is 1 × 1011 cm-2 which is an order of magnitude lower than in the case of
anodic oxide. The fast surface states are located at the center of bandgap with a
minimum of 2 × 1011 cm-2eV-1. The absence of hysteresis in the C-V character-
istics indicates the absence of slow traps. Plasma oxides have shown excellent



thermal stability. The flat band structure and fixed surface charge density are
constant up to 90–95 °C. Nemirovsky and Bakhir [119] believe that this effect is
probably due to the presence of fluorine in the oxide.
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Anodic sulfides are very stable compounds. However, in several cases, anodic
sulfides dissolve preferably in polysulfide solutions with an appropriate pH. The
technological process of obtaining CdS on the HgCdTe surface by the anodic
method was shown in [120]. Anodic sulfide films were grown in an electrochemical
cell with a carbon counter electrode without using aqueous basic sulfide solutions in
ethylene glycol at current density of 60–140 μA�cm-2 and growth rate of ~10 A/min.
The stable state of native sulfides on the Hg0.78Cd0.22Te surface was shown at the
thermal surface heating in vacuum up to 95 °C [121].

The excellent surface passivating properties of the silicon oxide could not be
maintained during prolonged heating of the device in a vacuum [1]. In addition, there
are problems with SiO2 layer adhesion [121]. It is interesting to note that the best
results are obtained with SiO2 when several layers of native or anodic oxide are
present on the HgCdTe surface before the deposition of SiO2. An extremely thin
native oxide (5–10 nm) protects the crystal from damage and possibly improves the
adhesion of the SiO2 layer [122]. The passivation properties of SiO2/Hg0.7Cd0.3Te
interface were studied in [123]. Interfacial trap density (Dit) was evaluated by
measuring the difference between high- and low-frequency C-V curves [124]. The
surface-state densities (4–5) × 1011 cm-2 eV-1 in the bandgap center and
(2–4) × 1013 cm-2 eV-1 near the valence band were found. The density built-in
charge was 1010 сm-2.

The ZnS antireflection coating for HgCdTe photoconductors has been used
with varying success and was not stable during vacuum baking [1, 125]. The
properties of ZnS/Hg0.8Cd0.2Te interface were investigated by measuring the C-V
characteristics of MIS structures [126]. The density of surface states in the
range (1–6) × 1011 cm-2 eV-1 was obtained by measuring the C-V characteristics
at a frequency of 1 MHz in the parabolic band approximation using the formulas
given in [127]. ZnS thin films were prepared by vacuum evaporation using conven-
tional evaporation systems from a quartz boat slowly heated in a resistance furnace
or with an electron gun.

The SiNx layers were robust and chemically resistant with good passivation
quality and thermal stability. In [128] the authors described the SiNx layer deposition
in ICPECVD system with SiH4 + N2 gas mixtures in the temperature range of
80–100 °С. The interface trap density (Dit) was determined by the C-V measurement
at 1 kHz and 1 MHz using MIS structure on Hg0.68Cd0.32Te [129]. The minimum
density of fast traps Dit was 4 × 1010 cm-2 eV-1.

The good passivation properties of the Al2O3 layer grown by the plasma-
enhanced ALD (PEALD) method on the HgCdTe surface were demonstrated in
[118, 130, 131]. The trimethylaluminum (TMA) was as a source of Al. Oxygen
plasma plays the role of an oxidizing agent. The Al2O3 coating layers were deposited
on side surfaces of mesa structures [132]. In addition, it was shown that the lifetime
of minority carriers in HgCdTe increased after ALD deposition at room temperature
[132]. It has been found that the optimal Al2O3 deposition is observed in the range



120–160 °C [130]. Wide-gap II-VI compounds were also studied as a surface
passivation coating for HgCdTe. CdTe is now considered the most advantageous
material for this purpose due to its high resistivity and crystal lattice close to that of
HgCdTe [133–135]. CdTe is chemically stable, more robust than HgCdTe, and
transparent to IR radiation. As a result, CdTe has become the most important and
widely used passivation coating in HgCdTe technology for the production of IR
photoelectric detectors [136]. The deposition of a CdTe layer on the HgCdTe surface
requires a low temperature to prevent mercury depletion. Kumar et al. [135] com-
pared the passivating properties of CdTe and AO deposited on the n-n-Hg0.786Cd
0.214Te surface. A 100 nm in thickness CdTe layer was deposited using thermal
evaporation. The n-HgCdTe surface passivated with CdTe had a surface recombi-
nation rate approximately five times lower than the AO-passivated surface. The
activation energy of the surface trap for CdTe- and AO-passivated HgCdTe surface,
estimated from the data analysis, was in the range of 6–8 meV. This trap level is
associated with Hg vacancies at the HgCdTe surface. The fixed charge density for
the CdTe/HgCdTe interface measured by the C-V method was (5–9) × 1010 cm-2.

444 S. A. Dvoretsky et al.

15.5 Electric Contact Technology

Metal contacts to semiconductors play a key role in the manufacture of the device,
affecting its long-term performance and reliability. The basic characteristics of
metallic contacts are contact resistance value, recombination at the interface with
the contact, 1/f noise, and long-term and thermal stability [137, 138]. Ideal ohmic
contacts are obtained when the work function of the metal is less than the electron
affinity of the n-type semiconductor. However, the surface properties of II-VI semi-
conductors are often poorly understood. Therefore, in practice, ohmic contacts are
usually made according to empirical recipes. In this regard, in order to reduce the
influence of the surface on the contact resistance, a heavily doped region is often
formed on the surface. In this case, the thickness of space charge region is greatly
reduced, allowing the electrons to tunnel, resulting in a low resistance. As a rule,
contacts consist of several layers of various metals, which are necessary to improve
adhesion and reduce solid-state reactions.

In Ref. [139] it is performed a theoretical analysis of the position of the Fermi
level at the metal/Hg1-хCdхTe interface. For extrapolation from CdTe to
Hg1-хCdхTe, three models of the pinning of the Fermi level at the metal-
semiconductor interface were used [140]. Two models of Schottky barrier pinning
were considered: Spicer defect model [141, 142] and the metal-induced gap-state
model (MIGS) [143]), as well as the third model based on the effective work
function [144]. The consideration of these models gives the same overall result
showing the formation of ohmic contacts to n-type HgCdTe with a composition less
than a certain value and nonohmic-rectifying contacts to all p-type HgCdTe. Results
of these considerations are shown in Fig. 15.13. These results show that ohmic



contacts are to be expected to n-type HgCdTe at x < 0.4, in contrast to p-type
HgCdTe where a Schottky barrier should form regardless of composition.
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Fig. 15.13 The energy of Fermi-level position (Efi) at the interface on HgCdTe composition. For
this extrapolation, two models (MIGS and defects) were used. Near x = 0.4, Efi moves into the
conduction band, providing its own ohmic contacts on the n-type material. (Data extracted from
Freeouf et al. [144])

The most commonly used metal for n-Hg1-xCdxTe is indium [145–147], which
has a low work function. Leech and Reeves investigated In/n-HgCdTe contacts,
which exhibited an ohmic nature in the composition range x= 0.30–0.68 [148]. The
charge carrier transport in these contacts was attributed to the process of field effect
thermal emission. This behavior was explained by the formation of the n+-region
under the contact upon rapid diffusion of In, which is a donor impurity in HgCdTe.
The specific contact resistance ranged from 2.6 × 10-5 ohm cm2 at x = 0.68 to
2.0 × 10-5 ohm cm2 at x= 0.30, which correlates with the change in the resistivity of
the HgCdTe layer. In the general case, an ohmic contact with p-type HgCdTe is more
difficult to implement, since a large work function of the contact metal is required.
Au, Cr/Au, and Ti/Au were most commonly used for p-type HgCdTe. Beck et al.
[149] showed that Au and Al contacts with p-type Hg0.79Cd0.21Te are ohmic with
specific contact resistance from 9 × 10-4 to 3 × 10-4 Ω cm2 at room temperature.
The dependences of the 1/f noise implied that the noise in the Au contact originated



at the Au/HgCdTe interface or near it, while the noise in the Al contacts originated
from the surface conduction layer near the contact.
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The metal contacts of Pt, Cu, and Au with p-HgCdTe were studied in [150]. For
this purpose, depth profiles were measured using SNMS, SIMS, AES, and XPS
methods. I-V characteristics were measured and then compared with both the
distribution profile of metal concentration throughout the thickness of interface
and chemical state at the metal/HgCdTe interface. It was found that Pt does not
form an ohmic contact with HgCdTe, while Cu forms unstable ohmic contacts. Au
forms ohmic contacts by diffusion at elevated temperatures and exhibit long-term
stability. Therefore, Au is currently the preferred metal for making ohmic contacts to
p-HgCdTe. In [151], the authors proposed a method for manufacturing ohmic
contacts to n- and p-type HgCdTe layers in a single technological cycle. The
ohmic behavior of Cr, Mo, and Ti with HgCdTe (x ≈ 0.3) does not depend on the
metal used for both n- and p-type MCT layers and indicates that the Fermi level is
pinned. The ohmic or close to ohmic behavior of Cr, Mo, and Ti contacts can be
explained by the reactive nature of metals. The contact resistance Rc is significantly
less than the resistance of the p-n junction HgCdTe (x ≈ 0.3) R0 at zero bias at 80 K
(RcA < 10-2 ohm cm2 and R0A > 103 ohm cm2, where A is p-n junction area).
Thus, such contacts are suitable for manufacturing HgCdTe photovoltaic detectors.
Cr, Mo, and Ti were chosen for the deposition at room temperature, since, as a rule,
they provide a high adhesion to HgCdTe layers. Au and In were used as bonding
spacers to which gold contact wires were attached by ultrasonic welding or micro-
soldering. It was shown that under the used deposition conditions, gold has low
adhesion to HgCdTe epitaxial layers. However, for light-doped p-type Hg1-xCdxTe,
there are no good contacts, and all metals tend to form Schottky barriers. This
problem is especially difficult for HgCdTe with a high HgCdTe composition. This
problem can be solved by using a highly doped region near the metal contact to
increase the tunneling current. However, in practice, it is difficult to achieve the
required high p-type doping. One of the practical solutions is the use of HgCdTe
growth with a narrowing bandgap at the metal/HgCdTe interface [152]. An analo-
gous decision was used for manufacturing the ohmic contact to CdTe and for the
Cd0,7Hg0,3Te p-type conductivity [153]. It was proposed to use HgTe, the work
function of the metal contact which corresponds to p-CdTe. The HgTe contacts were
deposited by the vapor-phase epitaxy on a CdTe surface etched in Br2/methanol
(CH30H). The interdiffusion zone formed a graded junction between the bandgaps of
HgTe and CdTe without rectifying. This allows suppression of barrier at interface.
The CdTe/HgTe/Au energy band diagram is shown in Fig. 15.14.

The measured specific contact resistances are ten times lower than the best results
obtained so far.



15 HgCdTe Device Technology 447

Fig. 15.14 The equilibrium energy band diagram at room temperature in CdTe/HgTe/Au: CB
conduction band, VB valence band. (Data extracted from Janik et al. [153])

15.6 p-n Junction Technology

The p-n junction in HgCdTe is formed by numerous methods, including in and out
diffusion of Hg and impurity diffusion, ion implantation, electron bombardment-
induced conduction, plasma-induced-type transformation, and doping during growth
from the vapor or liquid phase [5, 117, 154–156]. A brief description of the main
methods of p-n junction formation in HgCdTe layers is presented in [138]. Low
binding energies of ionic bonds in HgCdTe influenced the technological processes of
the formation of p-n-junctions. Free Hg atoms were formed in the processes of ion
implantation and ion beam etching. This creates much deeper transitions than it
would be expected only from ion implantation. The dislocations play a certain role in
the elimination of Hg vacancies. The role of Hg, impurities, dislocations, and ion
implantation in the formation of p-n junction is very complex and insufficiently
studied. Nevertheless, producers have obtained a good phenomenological control of
the transition depths and dopant profile through various p-n junction formation
processes. Recently, the epitaxial methods with doping in the growth process have
been used to obtain p-n junctions. MBE and MOCVD were successfully
implemented by doping with In and As during growth, as shown earlier (see
Sect. 15.2.2).

15.6.1 Mercury Diffusion

It is relatively easy to achieve the conversion of p-HgCdTe to the n-type due to
vacancy annihilation during free diffusion of Hg atoms. The n-type conductivity
layer is determined by the background donor impurity. Dutton et al. [157] summa-
rized the knowledge about the mercury diffusion process. The mercury diffusion
accompanied with the vacancy diffusion created the p-n junction at 200–250 °C in
p-HgCdTe (p ~ 1016 cm-3) in 10–15 min. This corresponds to a diffusion coefficient



~10-10 cm2s-1. The presence of dislocations can increase the mobility of vacancies.
The presence of Te precipitates can decrease the Hg motion in the lattice. Jenner and
Blackman reported about the free Hg diffusion from the AO [158]. Anodic oxidation
results in the formation of a mercury-rich layer at the interface. Hg diffuses into the
substrate during the thermal annealing resulting in the formation of an n-type
HgCdTe. In addition, the anodic oxide layer acts as a diffusion mask to prevent
the loss of mercury in vacuum upon contact with the surrounding atmosphere. This
method is especially suitable for high-speed devices where the low and uniform
doping of n-type regions is required.
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15.6.2 Ion Etching

The low-energy ion bombardment is used to fabricate p-n junctions by conversion of
the vacancies doped with p-HgCdTe into n-type [159, 160]. The ion beam introduces
a small fraction of free Hg atoms (approximately 0.02% of ion gas atoms) into the
lattice. Then Hg atoms fill Hg vacancies, creating weakly doped n-type background
atoms, limited by donor atoms. The ion energy and dose are usually less than 1 keV
and range from 1016 to 1019 cm-2, respectively. Blackman showed that the p-n
junction depth depends on the ion dose and can extend for several hundred microns
from the surface [159]. The Hg diffusion during ion etching is very fast, even in
comparison with experiments on thermal annealing of HgCdTe at 500 °C. The
deeper p-n junctions are created by using higher ion beam current, longer etching
time, lower beam voltage, and higher ion mass. The whole process is carried out at
low temperatures that do not change the initial HgCdTe electrophysical properties
and the quality of passivation. The p-type material conversion using an ion beam
have been commercially used by GEC-Marconi Infrared Ltd. for FPAs based on
HgCdTe since the late 1970s [161].

15.6.3 Reactive Ion Etching

Reactive ion etching is a method of reactive chemical plasma etching of a substrate
surface, often used in microelectronics to remove material from a surface. Plasma is
created at low discharge gas pressure. Ions are accelerated by the applied voltage
between the plasma and the substrate. The combined physical processes involve ion
sputtering and chemical reactions on the surface, resulting in the formation of
volatiles and their desorption. This plasma-induced method is also used as a tech-
nology for the formation of p-n junctions [99, 162]. It is important to note that if
postimplantation thermal annealing is required when using ion implantation to create
p-n junctions in the process of manufacturing high-quality photodiodes, then when



reactive ion etching is used for these purposes, such annealing is not required. The
conductivity conversion of p-HgCdTe in reactive ion etching technology occurs due
to the formation of a source of free Hg atoms. Hg atoms quickly diffuse into the bulk
of HgCdTe, decreasing the concentration of Hg vacancies occupying their crystal
lattice points. Residual donor impurities become dominant in conductivity and
participate in the formation of p-n junctions.
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15.6.4 Ion Implantation

The ion implantation in HgCdTe is a widely and well-proven technology applied to
fabricate photovoltaic HgCdTe FPAs [163–167]. N+-p junctions are formed by the
implantation of Al, Be, In, and B ions into the vacancy-doped p-type HgCdTe
material. Usually, the ion implantation technology uses light ions, such as B or
Be, to form the n-region. The ion flux with doses 1012–1015 cm-2 and an energy
range of 30–200 keV are usually used. Regardless of the nature of the ion atoms
used, the n-type layer is associated with a material damage, as Voith first noted
[168]. In the case of the ion implantation in p-type or n-type HgCdTe, the junction
has N+-p or N+-n-p types. The N+-n-p junction is the most desirable case because it
is located far from the region of radiation defects. It is not necessary to use
postimplantation thermal annealing to achieve high performance of SWIR and
MWIR devices, especially at lower ion doses during implantation. However, many
researchers have now concluded that the photodiode characteristics can be improved
by the thermal annealing after ion implantation to eliminate radiation damages
[169]. The annealing temperature depends on the nature of the ions and the condi-
tions of the implantation process. At low radiation fluxes, the dark current noise can
lead to a deterioration in the parameters of the diode. In this case, deliberate doping
of the p-type absorber layer can be used to make n-p diodes. This makes it possible to
increase the parameter R0A by almost an order of magnitude for long-wavelength IR
FPAs with a cutoff wavelength up to 20 μm [170].

The main trend and the most promising direction in the development of research
and technology is the creation of photovoltaic IR FPAs based on the P+-n junction
[171, 172]. The motivation for the study is associated with the expansion of the
spectral range of sensitivity in the long-wavelength region of 8–14 microns and/or
operating at elevated temperatures. Au, Ag, Cu, and P ions were used as implants to
convert n-type HgCdTe with a subsequent thermal annealing. As a rule, p-n junc-
tions are located in a depth of 1–3 μm from the HgCdTe surface, which is signifi-
cantly larger than the area of implanted ions less than 30 nm [173]. Based on long-
term studies of the technology of ion implantation with various chemical elements,
As was chosen as the only impurity, which showed the high-quality p-on-n-type IR
FPA detectors and determined the main development for industrial production. To
create the P+-n junction, In and As are used as base donor and acceptor impurities,
respectively. The main problem is associated with the need to carry out the As
activation using thermal annealing at high temperatures (more than 300 °C), which



creates great problems for further technological processes. However, the design of
the P+-n-type photodiode can significantly reduce the dark current and the resis-
tance spreading over the base layer due to long-living minority carriers (holes) and
highly mobile majority carriers (electrons), respectively. Nowadays, many compa-
nies conduct intensive research and development of IR FPAs based on the P+-n
junction technology using HgCdTe HES grown by LPE, MOCVD, and promising
MBE [174–177].
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15.6.5 p-on-n Versus n-on-p HgCdTe Diodes

Among the technologies for the formation of p-n junctions, the most widely used
methods are the ion implantation and doping during growth [178]. The doping-
during-growth method is mainly used to create multispectral IR FPAs, using mesa
etching technology. Ion implantation methods are used to create both single-color
and multicolor IR FPAs, created by planar and mesa topologies, respectively
[179]. A photograph of a pseudoplanar topology of 256 × 256 dual-band IR FPAs
fabricated using ion implantation technology to form n-p junctions in the wide-gap
(MWIR) and narrow-gap (LWIR) HgCdTe layers is shown in Fig. 15.15 [179].

Dark current is the fundamental parameter of a photon photodiode and is deter-
mined by the thermal charge carrier generation [180]. The generated thermal dark
current is calculated on the basis of the following expression Gth= nmaj/2ατAi, where
Gth is thermal generation rate, nmaj is concentration of the majority carriers, α is
absorption coefficient, and τAi is Auger lifetime of minority carriers. In n-HgCdTe
layers, the minority carrier lifetime is determined by the Auger 1 process, including
two electrons and a heavy hole. Thermally generated normalized dark current
density for MWIR and LWIR, based on n-HgCdTe for two cutoff wavelengths of
5 μm and 10 μm, and the background flux for F/2 optics are shown in Fig. 15.16. The

Fig. 15.15 The top and
cross-section view of
scheme (up) and photo
(down) two-color 256 × 256
MWIR and LWIR IR FPA.
(Reproduced with
permission from Destefanis
et al. [179]. Copyright 2007
Springer)



electron concentration and the layer thickness were 1015 cm-3 and 10 μm (~1/α),
respectively. It is clear that BLIP regime can be reached at temperatures <120 K for
LWIR and at <180 K for MWIR. The similar representation of thermal dark current
should be used for a p-type material, taking into account the Auger 7 recombination
mechanism, including two heavy holes and one electron, as shown in [181]. The
minority lifetime τAi7 in p-HgCdTe is longer than in n-HgCdTe (τAi7= (6–20) τAi1).
It means that the thermally generated dark current in the p-HgCdTe layers will be
6–20 times less than in the n-HgCdTe layer. The calculations of dark current, limited
by Auger and S-R carrier recombination for the HgCdTe HOT IR detector (P+-ν-N
+ architecture), made by Kinch [180] for the p-HgCdTe layer with a low acceptor
concentration in Na = 5 × 1014 cm-3, are shown in Fig. 15.17.
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Fig. 15.16 The normalized
dark current
density vs. temperature for
MWIR and LWIR based on
n-HgCdTe. (Reproduced
with permission from Kinch
[180]. Copyright 2000
Springer)

Fig. 15.17 Shockley-Read (S-R) and Auger 7 dark current vs. temperature for P+-π-N+ HOT
MWIR (a) and LWIR (b) detector with Na = 5 × 1014 cm-3. (Reproduced with permission from
Kinch [180]. Copyright 2000 Springer)
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Fig. 15.18 Thermal dark current density versus detector operating temperature for p-on-n (a) and
n-on-p LWIR and VLWIR HgCdTe detectors with cutoff wavelengths at 80 K (see in insert).
(Reproduced with permission from Hanna et al. [184]. Copyright 2016 Springer)

It is clear that in the case of Auger carrier recombination, it is possible to achieve
operation with the background-limited performance (BLIP) for MWIR detectors at
room temperature. In the case of LWIR detectors, BLIP operation is possible at
temperature up to 220–230 K.

Usually, for n-on-p-type HgCdTe detectors, p-type absorber layer is doped with
Hg vacancies with a concentration of ~1016 cm-3. In this case, the dark current of IR
detectors (intrinsic) is being determined by S-R center parameters. The essential
improvement of the photovoltaic characteristics of IR detectors is achieved by
doping the absorber layer with intentional acceptor impurities.

Doping of the HgCdTe absorber layer with Au to a hole concentration of
<5 × 1015 cm-3 was made in AIM (https://www.aim-ir.com/de/home.html)
[182, 183]. A comparison of the characteristics of p-on-n and n-on-p LWIR and
VLWIR detectors, manufactured by AIM technology, is presented in [184]. P-n
junctions were formed by ion implantation of As and B into n-type and p-type
absorbing layers doped with In and Au, respectively. The HgCdTe absorber layers
were grown by LPE on CdZnTe substrates. The temperature dependences of the dark
current density for LWIR and VLWIR FPAs and photodiodes for the n-on-p
technology with cutoff wavelengths 11.4 μm, 11.5 μm, and 12.2 μm, measured at
80 K, are shown in Fig. 15.18. For comparison, the dependences according to
Tennant’s Rule 07 for p-on-n diodes and for AIM n-on-p diodes on HgCdTe layers

https://www.aim-ir.com/de/home.html


doped with external impurities according to the standard LWIR technology are also
shown in this figure. It is clear that the fabrication of an IR FPA with an n-on-p
junction based on p-HgCdTe doped with intentional impurity (Au in AIM) shows
results comparable to those obtained for the p-on-n junction, providing the operation
of IR FPA in the background-limited (BLIP) mode at elevated temperatures. This
opens up a new trend in the development of SWaP (size, weight, and power)
technology of IR detector.
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15.7 Conclusion

Since the 1960s, HgCdTe device technology has been developed in many countries.
Most of the research has focused on infrared detectors and focal plane arrays, mainly
operating in photoconduction or photovoltaic modes. Due to its unique physical
properties, the solid solution compounds of HgCdTe alloys have taken a leading
position among light-sensitive IR materials and made it possible to fabricate IR
FPAs that are sensitive in a wide spectral range and, first of all, in “atmospheric
windows.” The technologies of HgCdTe materials, starting from a bulk crystal, have
gone through the development of epitaxial growth by various methods. The simplest
LPE technique ensured the development of technology on CdZnTe substrates and
reached the modern level as an industrial technology for obtaining very high-quality
HgCdTe epilayers. The existing limitations in the properties of CdZnTe substrates,
difficulties of their preparing, and, finally, their high cost lead to the development of
vapor-phase epitaxy on a large-diameter GaAs and Si substrate by MOCVD and
MBE technologies. Now MOCVD technology provides high-quality HgCdTe on
GaAs substrate. MBE is a very flexible technology which allows growing both
HgCdTe hetero- and nanostructures with a high-accuracy control of the composition
and thickness of the layer at the nanometer level. Currently, MBE HgCdTe technol-
ogy on large substrates provides a high-quality, inexpensive photosensitive material
for large-format IR FPAs. It is shown that MBE HgCdTe/Si HES provides the
possibility of industrial production of IR detectors for SWIR and MWIR spectral
ranges. The study of etching mesotechnology showed that dry etching has practically
no effect on the size of pixels when they are separated even at great depths, which is
required in the manufacture of large-format IR MFPs. Passivation technology is
necessary to protect the pixel surface and prevent the appearance of leakage current.
The best passivation materials are CdTe and/or dielectric layers. The conducted
study of electrical contacts identified metals such as In and Au, which provide ohmic
contacts with the n-type and p-type HgCdTe material. The considered versions of
p-n junction technologies show that the p-on-n type formed by the implantation of
As ions into an n-HgCdTe absorber or growing DLHJ gives a significant decrease in
the dark current. The developed n-on-p type based on intentional doping of the
p-HgCdTe absorber with acceptor impurities has parameters similar to the p-on-n
type. These two types provide the ability to operate IR detectors at elevated temper-
atures, which allows the development of SWaP technologies.
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