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Recent developments in HgCdTe photovoltaic detectors*
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This paper presents an overview of fundamental techniques for p—n junction formation
in HgCdTe infrared detectors. At the beginning, the classification of photon detectors and
general requirements imposed on these detectors are presented. Further considerations
are restricted to modern methods of p—n junction formation, so the current state of the art

of different types of HgCdTe photodiodes is presented. The comparison of HgCdTe

photodiodes with other infrared detectors is finally described.

1. Introduction

Progress in infrared (IR) detectors technology is
connected mainly with semiconductor detectors, which
are included in the class of photon detectors. In this
class of detectors radiation is absorbed within the
material by interaction with electrons, bound to lattice
or impurity atoms, or with free electrons. New trends
in photon IR detector technologies concern HgCdTe
photodiodes, Schottky-barrier photoemissive devices,
silicon and germanium detectors, InSb photodiodes,
and quantum well infrared photodetectors. In the
nearest future HgCdTe alloy seems to be unchallenged
as the most important material for high performance,
fast single element, and small array IR detectors.

This paper describes with fundamental techniques
for p—n junction formation in HgCdTe. We will con-
centrate principally on cooled photodiodes technology.
The characteristics of the photodiodes are presented
and compared with characteristics of other types of
infrared detectors.

2. Relevant HgCdTe properties

HgCdTe is one of the important materials for IR
detectors due to a number of uniquely suitable physi-
cal, electronic and thermal properties [1-3]. The
electrical and optical properties of HgCdTe are deter-
mined by the energy gap structure in the vicinity of the
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I'—point of the Brillouin zone. This compound is a
direct bandgap semiconductor with an energy bandgap
that varies from 1.6 eV for pure CdTe to -0.3 eV for
pure HgTe. Its adjustable energy gap covers the entire
IR region. HgCdTe detector cut—off wevelengths can
be selected throughout the 1.6-25 wm range. Its large
optical absorption coefficients enable 10-15 pum thick
devices to produce internal quantum efficiencies ap-
proaching 100%. In many circumstances, intrinsic
recombination mechanisms produce long carrier
lifetimes and low thermal generation rates, which in
turn permit relatively high operating temperatures.

In addition to band structure, HgCdTe has a num-
ber of other advantages for IR detectors. The small
lattice mismatch between HgTe and CdTe allows rela-
tively high quality epitaxial heterostructures. Common
extrinsic impurities can dope HgCdTe either p or n
type. Background impurity concentration is typically
less than 1013 cm3, allowing adequate control for p—n
junctions. For all these advantages, however, it must be
remembered that HgCdTe is a defect semiconductor.
High concentrations of native point defects, such as
mercury vacancies, can occur at modest temperatures
and must be controlled.

The material technology has evolved from bulk
grown material producing small wafers to relatively
large epitaxial wafers grown in reactors with multiple
wafer capability. The device requirements can be met by
several epitaxial growth techniques at various stages of
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technical maturity. The epitaxial growth is being
developed to improve the quality, size, yield, and ver-
satility of the detecting material. The epitaxial growth
techniques include: liquid phase epitaxy (LPE) [4, 5],
metalorganic chemical vapor deposition (MOCVD)
[6, 7] and molecular—beam epitaxy (MBE) [8—10].
HgCdTe IR detectors may be made for operation
either in the photoconductive or photovoltaic mode.
Compared with photoconductors, photodiodes have
several advantages. Firstly, the detectivity of
photodiodes can be higher than that of photoconductor
with a square root factor of two while at the back-
ground limited infrared photodetector (BLIP) condi-
tion. Secondly, their response time is limited by several
transit times, while for the photoconductors, it is re-
lated to the lifetime of carriers as well as detectivity.

3. Junction formation

The baseline detector architecture, for all of the
cut—off wavelengths required, is a P-on—n double layer
planar heterostructure (DLPH) diode. In these
photodiodes the base n—type layers are sandwiched
between CdZnTe substrate and wider—gap P regions.
The second important detector architecture is a n*—on—
p homojunction. In such diodes, the lightly doped nar-
row gap absorbing region (“base” of the photodiode),
determines the dark current and photocurrent. Due to
backside illumination (through CdZnTe substrate) and
internal electric fields, influence of surface recombina-
tions on the photodiodes performance is eliminated.
Proper control of surface passivation, stoichiometric
equilibrium, ion implantation, and annealing stages in
low—defect high—purity epitaxial layers led to control
of high—quality diode technology.

The p-n junction in HgCdTe typically use a
deliberate or background donor impurity for the n side
of the junction and either vacancy doping or a different
acceptor impurity for the p side. The former junction
type is the oldest and still forms the diode baseline for
several companies in the IR community. Formation a
vacancy—doped junction requires a source of Hg
atoms, either a vapor over the sample or atoms freed
from the lattice itself by damage induced by ion im-
plantation or ion milling.

Hg in—diffusion into HgCdTe with native acceptor
concentration of 10!7 cm is perhaps the most widely
used for very fast photodiodes, in which a low con-
centration 104 ¢cm n-type region is necessary for
large depletion width to reduce junction capacitance.

If implantation is used, the implanted species is
typically a donor when activated. It allows to increase

218

Opto-Electr. Rev., §, no. 3, 1997

donor concentration near the surface and to decrease
contact resistance. Boron, indium, aluminium, and
mercury have been used as n—type dopants, and phos-
phorus, arsenic, and copper have been used as p-type
dopants. The implanted junctions are formed primarily
in p-type material since the implantation process
creates an n—type damage region due to the ion—beam
bombardment. The junction is formed by Hg intersti-
tials from the implant damage region diffusing into the
crystal and annihilating Hg vacancies. Recent results,
however, have shown that p-type arsenic implantation
can be activated in n—type HgCdTe by thermal anneal-
ing under a Hg atmosphere in a high pressure system.
An important development in the evolution of
HgCdTe photodiode technology is the capability to
grow double layers of controlled composition and
doping. This heterostructure technology is employed to
grade the bandgap from a narrowband absorber at the
substrate to a wide bandgap cap layer at the surface.
Currently, three epitaxial growth methods are being
intensively investigated for heterojunction technology.
The p-n HgCdTe junctions may be fabricated in any
of too configurations: the planar diode and the mesa
diode. The choice of a particular structure is based on
available processing and materials technology.

3.1. Ton implantation

Ton implantation is one of several alternative techni-
ques for junction formation in HgCdTe photodiodes
[11-15]. A summary of the complex phenomena as-
sociated with ion implantation in HgCdTe is shown in
Fig. 1. In this figure, the typical profile implanted
species atom concentrations and corresponding carrier
concentrations before and after post-implant anneal are
sketched. A fundamental concept developed in the work
of light species (B, Be) implantation in HgCdTe is the

Implanted species
n-type as implanted

" Hg-diffusion source

__n-type annealed

" Vacancy deficient region
' Hg-vacancy

Carrier concentration

Depth

Fig. 1. Phenomena associated with the irradiation process of
implantation.
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Fig. 2. Cross sectional view of the planar HgCdTe ion im-
planted photodiode.

generation of free Hg atoms by irradiation process of ion
implantation, and their diffusion from the implanted
source. This concept is the basis of n—on—p junction
formation in certain conditions of background type and
concentration of carriers by the diffusion of Hg from the
implant-induced Hg source, as illustrated in Fig. 1.
When the net background doping is n—type, the annihi-
lated region is n—type. The junctions thus formed are of
n*—n—p type. This is the most desirable case since the
junction is located away from the implant—defect region
in material which is free of irradiation—induced defects.

A cross sectional view of the photodiode is shown
in Fig. 2. The p—n junction was fabricated by ion im-
plantation in a photoresist window of sizes 30 x 30 —
200 x 200 um? with subsequent annealing. The depth
of the n—layer is defined by the time and temperature of
the annealing process.

3.2. Mesa heterostructure

Current p—on-n HgCdTe LWIR photovoltaic
fabrication technology is based on a mesa device con-
figuration [4, 5]. A schematic of mesa heterostructure
used in fabrication P*—n HgCdTe photodiodes is illu-
strated in Fig. 3. The n—type base, which is the absorb-
ing region, has a thickness 10-20 pwm and is deliberate-
ly doped with indium at a level of about (1-3) x 10!5
cm—3. The composition of the base material is chosen

P* - HgCdTe (As) Au

S
Metallurgical
junction ——— =

~__In-bump
) CdTe passivation

| n-HgCdTe (In)

p-n junction -

CdTe

Fig. 3. Schematic of the mesa P*—n HgCdTe diode hetero-
structure.
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for the wavelength of interest. P-n junction is formed
using arsenic as the dopand at a level of about 108
cm™3, To activate As as an acceptor, it must occupy a
Te site in the lattice. This requires either growth or
annealing at relatively high temperatures under cation—
rich conditions. Liquid phase epitaxy growth from a
Hg melt satisfies this condition automatically (al-
though some postgrowth annealing may be required).
Metalorganic chemical vapor deposition and molecular
beam epitaxy have been successfully accomplished in
arsenic doping growth. Arsenic has also been diffused
from Hg solution and from implants. P-type capping
layers with composition y > x has a thickness 1-2 um.
The electrical junction is positioned near the metallur-
gical interface and it is wise to place the junction in the
small band gap layer to avoid deleterious effects on the
quantum efficiency and dark currents. Passivation of
HgCdTe has been done by several techniques. Recent-
ly, however, most laboratories are using CdTe or
CdZnTe (deposited by MBE, MOCVD, sputtering and
e—beam evaporation) for photodiode passivation.

3.3. Planar heterostructure

A critical step in the processing of mesa devices is
the etching and deposition of CdTe as a passivant to
reduce surface currents. The planar devices were
formed using a Hgo72Cdo2sTe/Hgo.775Cdo.225Te
heterostructure grown by molecular beam epitaxy [16,
17]. In Fig. 4 a scheme of the planar HgCdTe diode
heterostructure is shown. The formation of planar
photodiodes was achieved by first selective implanting
of arsenic through a ZnS mask and then diffusing the

Au contact

CdTe (passivation)
\__ Arsenic-doped (p-type) | M-typecapx.

n-type base x; Xe> Xp

CdZnTe substrate

Fig. 4. Schematic drawing of the planar HgCdTe diode
heterostructure (after Ref. 16).

219



Recent developments in HgCdTe...

arsenic (by annealing at high temperature) through the
cap layer into the narrow gap base layer. The selective
implantation of arsenic was carried out at room
temperature. After the structure was selectively im-
planted, it was annealed under Hg overpressure in a
high pressure system. The first annealing was carried
out to diffuse the arsenic into the base LWIR layer and
to make the doped region p-type by substitution of
arsenic atoms on the Te sublattice, while the second
one was carried out to annihilate Hg vacancies formed
in the HgCdTe lattice during growth and diffusion of
arsenic. Using this technique the planar devices were
fabricated of the following areas: 30 x 30 — 500 X
500 pum?. The planar devices were further protected (as
illustrated in Fig. 4.) with polycrystalline CdTe (thick-
ness 1 pum) deposited at room temperature in an e-—
beam system. Electrical contacts were made with al-
loyed gold on top of the p—type capping layer and with
indium on the n—type layer.

3.4. Dual-band detectors

As the IR technology continues to advance, there is
a growing demand for multispectral detectors for ad-
vanced IR systems with better target discrimination and
identification [18]. One of such two—color HgCdTe
detetcor that has been recently reported is the four—
layer double heterojunction structure used to produce
sequential mode dual-band detectors. Figure 5 shows
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Fig. 5. Cross section and energy band diagram of the inde-
pendently accessed back-to-back HgCdTe photodiode
dual-band detector (after Ref. 19).
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cross section of these detector [19]. It is a p-n-N-P
backside—illuminated structure formed by four HgCdTe
layers grown sequentially onto a CdZnTe substrate: a
two—layer N—on-P MW homojunction is first grown,
followed by the growth of a p-on-n two-layer LW
homojunction. An isotype n—N heterojunction prevents
LW photogenerated minority carriers (holes) from dif-
fusing to and being collected by the MW junction, as is
illustrated in the band diagram of Fig. 5. The injection
of minority carriers from the MW to the LW is pos-
sible, which could lead to spectral crosstalk in the LW
response spectrum, as in the case of the simple bias—
selectable device. However, the independent electrical
access prevents this from happening by fixing the bias
voltage for each junction, so that neither is electrically
floating.

The above detectors with two bumps per unit cell
for electrical. mechanical, and thermal interconnec-
tions can be implemented in large dual-band IR hybrid
FPAs. One bump contacts only the p-type region of the
LW photodiode; the other bump contacts the n—type
region of the LW photodiode, and therefore also the
n-type region of the MW photodiode, through an
over—the—edge metalization. This way the LW
photodiode is accessed directly through the two
bumps, while the MW photodiode is accessed through
the contact to the n—type region and the array ground.

4. Photodiode characteristics

The most widely used figure of merit to charac-
terize both the dark current and the thermal noise of an
infrared photodiode is the RoA product, defined as the
product ot the diode resistance R, at zero bias voltage
and the photodiode active area A. Usually one current
mechanism will be dominant over the others, depend-
ing on the operating temperature and cut—off
wavelength [2].

Destefanis and Chamonal have developed a
modified process for planar n*—p HgCdTe homojunc-
tions with a large improvement in detector perfor-
mance [14]. The n*—p homojunctions were made by
ion implantation in 8-12 um thick HgCdTe liquid
phase epilayers on CdZnTe substrates. The RoA im-
provement of one order of magnitude (in the range
between 400 to 650 Qcm? at 77 K for a 10 pm cut—off
wavelength detector) has been observed. This effect
was obtained as a result of an increase of the minority
carrier lifetime in the base p-type region (close to the
Auger 7 limited lifetime) and a slightly thinner
epitaxial p-type layer. Figure 6 presents the current—
voltage (I-V) characteristics of an HgCdTe ion—-im-
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Fig. 6. Current—voltage characteristic of an HgCdTe ion—im-
planted photodiode (after Ref. 14).

planted photodiode. Under a zero field of view (FOV)
at 77 K, the RoA product of this photodiode, with a
cut—off wavelength of 10 pm, is 655 Qcm?. The I-V
characteristics of heterostructure photodiodes are very
similar [4, 5].

Some performances obtained on MWIR and
LWIR detectors are presented in Figures 7 and 8.
Figure 7 shows typical RoA values of detectors in
8-14 pum range at the usual operating temperature of
77 K. Comparing results for implantation n*—p junc-
tion and heterostructure P-n photodiodes we can see
that for assumed doping concentrations in the base
region of photodiodes (N, = 5 x 1013 cm™ for n*—p
structure and Ngq = 5 x 104 cm=3 for P*—n structure)
and for a given cut-off wavelength, the theoretical
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Fig. 7. Dependence of the RoA product on the long
wavelength cut—off for LWIR HgCdTe photodiodes at 77 K.
The experimental values are taken from Refs 3, 12,14 (O) and
4,5 (%)
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Fig. 8. Dependence of the RoA proﬂuct versus temperature
for MWIR HgCdTe photodiodes (after Ref. 21).

values of RoA product for P-on—n photodiodes at
77 K are a little greater than for n—on—p photodiodes.
The experimental results indicate that the perfor-
mance of Pt-n heterostructure and n*—p ion im-
planted photodiodes exhibit similar RoA products at
77 K for Ac < 10 um. Conversely, for Ac > 10 pm, the
RoA products of n*—p photodiodes are generally in-
ferior; their quantum efficiency is lower and the im-
pedance is higher. These problems are probably
caused by the relative immaturity in fabricating the
n—on—p heterostructure, especially in the surface con-
trol on the p—side for diodes with a longer wavelength
cut—off. However, the earlier calculations above indi-
cate that these differences can be explained by fun-
damental physical limitation of RoA products for both
types of photodiodes.

Figure 8 shows the variation of this parameter ver-
sus temperature for a 5 um detector at 200 K. The
diffusion regime starts at approximately 180 K. At low
temperature the performances of the devices are
limited by tunnel and surface currents. Sufficiently
good agreement of experimental data with expected
theoretical values at 200 K is observed. For HgCdTe
photodiodes operated at 200 K in 3-5 um spectral
regions the background limited conditions can be easi-
ly satisfied.

5. Comparison of HgCdTe photodiodes
with other infrared detectors

The detectors operated in the 8-14 pm spectral
region include cryogenic photon detectors such as
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Fig. 9. Theoretical performance limits of LWIR photon and
thermal detectors at zero background and background of 1017

photons/cm?s, as a function of detector temperature (after
Ref. 20).

HgCdTe photodetectors, doped silicon and germanium
extrinsic photoconductors, GaAs/AlGaAs quantum
well infrared photodetectors (QWIPs) and uncooled
thermal detectors (resistive bolometers and
pyroelectric detectors) [20]. The temperature depend-
ence of the fundamental limits of D" of these detectors
for different levels of background are shown in Fig 9.
From Fig. 9 results that in long wavelength IR (LWIR)
spectral range, the performance of intrinsic IR detec-
tors (HgCdTe photodiodes) is higher than for other
types of photon detectors. HgCdTe photodiodes with
background limited performance operate at tempera-
ture below = 80 K. HgCdTe is characterised by high
optical absorption coefficient and quantum efficiency
and relatively low thermal generation rate compared to
extrinsic detectors and QWIPs. The extrinsic photon
detectors require more cooling than intrinsic photon
detectors having the same long wavelength limit.
Above relations are modified by influence of back-
ground, what is shown in Fig. 9 for a background of
1017 photons/cm?s. It is interesting to notice, that the
theoretical curves of D* for photon and thermal detec-
tors show similar fundamental limits at low tempera-
tures.

Intrinsic detectors made from new (alternative to
HgCdTe) ternary alloy systems such as GalnAs,
HgZnTe, HgMnTe, and PbSnTe have been developed
recently. The dependence of the base region diffusion
limited RoA product on the long wavelength cut—off
for intrinsic photovoltaic IR detectors at 77 K is shown
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Fig. 10. Dependence of the base region diffusion limited RoA
product on the long wavelength cut-off for intrinsic

photovoltaic IR detectors at 77 K. The experimental values
are taken from Refs 3 (+) 2 (H), 22 (0), 23 (Q).

in Fig. 10. At this temperature the performance of
HgCdTe photodiodes is much better then other LWIR
photovoltaic IR detectors.

Conclusion

It has been quite a decade in the field of HgCdTe
photovoltaic IR detector research and development.
New records were set for both LWIR and MWIR
wavelength performance, high RoA product and high
temperature operation. To commemorate these events,
here is an overview of some of the highlights of HgCdTe
photodiode research in last decade:

* large improvement in ion implanted detector per-
formance;

+ high performance of P-n heterostructure photo-
diodes;

» planar heterostructures;

¢ heterostructures on alternative substrates — sap-
phire, GaAs, Si:

» dual-band detectors.

Another important aim in HgCdTe photodiodes
technology is to make detectors cheaper and more con-
venient to use. It may be done by extending the opera-
tion of HgCdTe photovoltaic devices to near room
temperatures.

The comparison of HgCdTe photon detectors with
other infrared detectors shows, that HgCdTe
photodiodes are the best in LWIR spectral range at
77 K and in MWIR spectral range at 200 K.

© 1997 COSiW SEP, Warsaw
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