Semiconductor Physics, Quantum Electronics & Optoelectronics. 2000. V. 3, N 2. P. 111-120.

PACS: 73.50.P, 85.60.D

Heterostructure infrared photodiodes

Antoni Rogalski

Institute of Applied Physics, Military University of Technology, 00-908 Warsaw, Poland

Abstract. HgCdTe remains the most important material for infrared photodetectors despite
numerous attempts to replace it with alternative materials such as closely related mercury
alloys (HgZnTe, HgMnTe), Schottky barriers on silicon, SiGe heterojunctions, AlGaAs mul-
tiple quantum wells, GalnSb strain layer superlattices, high temperature superconductors
and especially two types of thermal detectors: pyroelectric detectors and silicon bolometers.
It is interesting, however, that none of these competitors can compete in terms of fundamental
properties. In addition, HgCdTe exhibits nearly constant lattice parameter that is of extreme
importance for new devices based on complex heterostructures. The development of sophisti-
cated controllable vapor phase epitaxial growth methods, such as MBE and MOCVD, has
allowed fabrication almost ideally designed heterojunction photodiodes. Examples of novel
devices based on heterostructures operating in long wavelength, middle wavelength and short

wavelength spectral ranges are presented.
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1. Introduction

Recent success in applying infrared (IR) technology to
remote sensing problems became possible due to the suc-
cessful development of high-performance IR detectors
over the last five decades. Many materials have been in-
vestigated in the IR field. Interest has centered mainly on
the wavelengths of the two atmospheric windows 3-5 um
and 8-14 pm, though in recent years there has been in-
creasing interest in longer wavelengths stimulated by
space applications.

Recently, more interest has been focused on p-n junc-
tions heterostructures [1,2]. Photodiodes with their very
low power dissipation, easy multiplexing on focal plane
silicon chip and less stringent noise requirements for the
readout devices and circuits, can be assembled in two-
dimensional (2-D) arrays containing a very large (= 10°)
number of elements, limited only by existing technolo-
gies. Systems based upon such focal plane arrays (FPAs)
can be smaller, lighter, with lower power consumption,
and can result in much higher performance than systems
based on first generation detectors [3,4]. Photodiodes can
also have less low frequency noise, faster response time,
and the potential for a more uniform spatial response
across each element. However, the more complex proc-
esses needed for photovoltaic detectors have influence on
slower development and industrialization of the second
generation systems, particularly for large arrays.
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2. Fundamental limitation to photodiode per-
formance

The photodetector is a slab of homogeneous semiconduc-
tor with the actual “electrical” area A4, that is coupled to
a beam of infrared radiation by its optical area A (see
Fig. 1). Usually, the optical and electrical areas of the
device are the same or close. The use of optical concen-
trators can increase the 4y/4, ratio.

The current responsivity of the photodetector is de-
termined by the quantum efficiency n and by the photo-
electric gain g. The quantum efficiency value describes
how well the detector is coupled to the radiation to be
detected. It is usually defined as the number of electron-
hole pairs generated per incident photon. The idea of
photoconductive gain g was put forth by Rose as a sim-
plifying concept for the understanding of photoconduc-
tive phenomena and is now widely used in the field. The
photoelectric gain is the number of carriers passing con-
tacts per one generated pair. This value shows how well
the generated electron-hole pairs are used to generate
the current response of a photodetector. Both values are
assumed here as constant over the volume of the device.

The spectral current responsivity is equal to
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Fig. 1. Schematic of 3D heterostructure photodetector (after Ref. 4).

where A is the wavelength, % is the Planck’s constant, ¢ is
the light velocity, and ¢ is the electron charge. Assuming
that the current gains for photocurrent and noise current
are the same, the current noise due to generation and
recombination processes is [5,6]

12 =2(G+R)A, D g° Q)

where G and R are the generation and recombination rates,
Af'is the frequency band, and 7 is the thickness of the
detector.

Detectivity D" is the main parameter characterizing
normalized signal to noise performance of detectors and
can be defined as
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For a given wavelength and operating temperature,
the highest performance can be obtained by maximizing
n/[t(G+R)]"2. It means that high quantum efficiency must
be obtained with a thin device. In further considerations
we assume that 4y/4, = 1.

Assuming a single pass of the radiation and negligi-
ble frontside and backside reflection coefficients, the quan-
tum efficiency and detectivity are

n =1-exp(-ar) )
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where o is the absorption coefficient.
The highest detectivity can be obtained for # = 1.26/a
for which (1 - ¢9)r!2 achieves a maximum value of
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0.62a'2. This thickness is the best compromise between
the requirements of high quantum efficiency and low ther-
mal generation. In this optimum case n = 0.716, and
detectivity is equal

/2
DD:0.4515LH )

he[G+R[

To achieve a high performance the thermal genera-
tion must be possibly suppressed to the lowest level. This
is usually done with cryogenic cooling of the detector.
For practical purposes, the ideal situation occurs when
the thermal generation is reduced below the optical gen-
eration.

Atequilibrium the generation and recombination rates
are equal, and we have

/2
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The ratio of absorption coefficient to the thermal gen-
eration rate, a/G, is the fundamental figure of merit of
any material for infrared photodetectors which directly
determines the detectivity limits of the devices [6]. An
optimized photodetector of any type should provide the
highest ratio of the optical-to-thermal generation rates.
Any potential material should be compared on this basis.

IR photodetectors are traditionally related to photo-
conductive and photovoltaic detectors basing on the prin-
ciple by which optically generated carriers are detected
as a change in voltage or current across the element. The
recent advances in heterostructure devices such as devel-
opment of the heterojunction photoconductors, double
layer heterostructure photodiode and introduction of non-
equilibrium mode of operation make this distinction not
so clear, however.

An optimized photodetector of any type should con-
sist of the following regions (see Fig. 1) [4]:

- Lightly doped narrow gap semiconductor region,
which acts as an absorber of IR radiation. Its band gap,
doping and geometry should be selected.

- Electric contacts to the narrow gap region which
sense optically generated charge carriers. Contacts
should not contribute to the dark current of the device.

- Passivation of the narrow gap region. The surfaces
of the absorber regions must be insulated from the ambi-
ent by a material that also does not contribute to the gen-
eration of carriers. In addition, the carriers, which are
optically generated in the absorber, are kept away from
surfaces, where recombination can reduce the quantum
efficiency. For the best sensitivity the frontside face should
perfectly transmit IR radiation.

- Refractive, reflective or diffractive concentrator of
IR radiation.

- Backside mirror for double pass of IR radiation.

In practice, such a device can be obtained using 3-D gap
and doping engineering, with the narrow gap absorber bur-
ied in a wide gap semiconductor. The undoped wide gap
material can be used as a window, and/or a concentrator of
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incoming radiation. Doped n- and p-type semiconductors
are used for contacts. Thermal generation in the contact
regions is virtually eliminated by making them wide gap.

The generation-recombination processes are associ-
ated with the predominant recombination mechanisms.
There are three important generation and recombination
mechanisms: Shockley-Read, radiative, and Auger
mechanisms. The Shockley-Read mechanism occurs via
lattice defects and impurity energy levels within the for-
bidden energy gap. This mechanism set can be control-
led by the procedure used to grow the material; conse-
quently, the Shockley-Read process is not a fundamental
limit to the performance of the detector. The radiative
generation-recombination and Auger mechanisms are fun-
damental band-to-band processes, which are determined
by the electronic band structure of the semiconductor. It
appears that Auger mechanisms dominate generation and
recombination processes in high-quality InSb-like nar-
row gap semiconductors. The generation rate due to the
Auger 1 and Auger 7 processes can be described as [7, 8]
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where T iﬂ and T 27 are the intrinsic Auger 1 and Auger 7
recombination times. Then Auger dominated detectivity
is equal [see Eq. (4)]
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where y= 1'47 /7' . Since the resulting Auger genera-
tion rate achieves its minimum for p = y*2n;, it leads to
important conclusion about optimum doping. The opti-
mum performance of Auger limited detectors can be
achieved with a lightly p-type doping with whole concen-
tration p = y2n;.

Assuming that the saturation dark current /; of a
photodiode is only due to thermal generation in the base
layer and that its thickness is low compared to the diffu-
sion length, we have [7, 8]
I, =qGAt (11
where G is the generation rate in the base layer. Because
the zero bias resistance-area product is

Ry = K14 (12)
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Taking into account the Auger 7 mechanism in ex-
trinsic p-type region of n*-on-p photodiode, we receive
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and the same equation for p-on-n photodiode
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where N, and N, are the acceptor and donor concentra-
tions in the base region, respectively.

3. HgCdTe ternary alloy for infrared detectors

During the past four decades mercury cadmium telluride
(HgCdTe) has become the most important semiconductor
for the middle and long wavelength (A = 3-30 um) infra-
red (IR) photodetectors [1, 2, 5, 9-13]. The short wave-
length region has been dominated by III-V compounds
(InGaAs, InAsSb, InGaSDb).

There have been numerous attempts to replace
HgCdTe with alternative materials. At present, several
other variable gap alloy systems are known including
closely related mercury alloys HgZnTe, HgMnTe, lead
tin tellurides and selenides, InAsSb, IT1I-VI compounds
with thallium and bismuth, free-carrier detectors and low
dimensional solids [14-17].

The main motivations, besides the numerous attempts
to replace HgCdTe, are technological problems of this
material. One of them is a weak Hg-Te bond, which re-
sults in bulk and surface and interface instabilities. Uni-
formity and yield are still issues. Nevertheless, HgCdTe
remains the leading semiconductor for IR detectors. The
most important reasons for this are:

- Not any of the new materials offers fundamental
advantages over HgCdTe. While the figure of merit,
(a/G)Y2, of various narrow gap semiconductors seems to
be very close to that of HgCdTe, the free carrier detec-
tors and GaAs/AlGaAs superlattice devices have several
order of magnitude smaller a/G.

- HgCdTe exhibits extreme flexibility, it can be tai-
lored for optimized detection at any region of IR spec-
trum, dual and multicolor devices can be easily con-
structed.

- The present development of IR photodetectors has
been dominated by complex band gap heterostructures.
Among various variable band gap semiconductor alloys,
HgCdTe is the only one material covering the whole IR
spectral range having nearly the same lattice parameter.
The difference of lattice parameter between CdTe (E, =
1.5 eV) and HgygCdg,Te (E; = 0.1 €V) is = 0.2%. Re-
placing small fraction of Cd with Zn or Te with Se can
compensate the residual lattice mismatch. The independ-
ence of lattice parameter on composition is a major ad-
vantage of HgCdTe over any other materials.

Actually, heterostructures do not offer any adherent
fundamental advantages over homostructures for the con-
ventional equilibrium mode devices. The fundamental
limits to performance of IR detectors are imposed by una-
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voidable physics of optical and thermal generation in the
narrow gap base region of a photodetector. Neverthe-
less, heterojunctions are helpful in achieving high per-
formance in practice. For example, the narrow gap
HgCdTe which absorb infrared radiation can be buried
encapsulated in wider gap HgCdTe preventing instabili-
ties due to the weak Hg-Te bonds. In addition, hetero-
structures can be used for non-equilibrium device which
potential performance can be much higher than that of
the conventional ones [12].

Epitaxy is the preferable technique to obtain device-
quality HgCdTe epilayers for IR devices. The epitaxial
techniques offer, in comparison with bulk growth tech-
niques, the possibility to grow large area epilayers and
sophisticated layered structures with abrupt and complex
composition and doping profiles, which can be configured
to improve the performance of photodetectors. The
growth is performed at low temperatures, which makes it
possible to reduce the native defects density. Due to the
low mercury pressures there is no need for thick-walled
ampoules and the growth can be carried out in reusable
production-type growth systems. The as-grown epilayers
can be low-temperature annealed in situ.

Epitaxial growth of the HgCdTe detector array on a
Si substrate, rather than CdZnTe, has emerged as a par-
ticularly promising approach to scale up wafer dimen-
sions and achieve a cost-effective number of array die
from each processed wafer. In addition to the potential
for increasing wafer size from the current 30 cm? for
CdZnTe substrates to 125 cm? for Si substrates, the growth
of HgCdTe FPAs on Si substrates offers other compel-
ling advantages such as creation of a thermal-expansion
matched hybrid structure, superior substrate mechanical
strength and flatness, elimination of impurity out diffu-
sion from the substrate, and compatibility with automated
wafer processing and handling methodologies.

Among various epitaxial techniques, the liquid phase
epitaxy (LPE) is the most matured method enabling
growth of device-quality homogeneous layers and multi-
layered structures. LPE growth must be performed at rela-
tively high growth temperature with adherent
interdiffusion and resulting graded interfaces. The re-
cent efforts are mostly on low growth temperature tech-
niques; metalorganic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE). MOCVD
is a non-equilibrium method, which appears to be the most
promising for future large-scale and low-cost production
of epilayers. The important advantage of this method is
reduced growth temperature and the ability to modify
the growth conditions during growth to obtain required
band gap and doping profiles.

Intensive studies are currently under way on MBE.
This technique offers unique capabilities in material and
device engineering including the lowest growth tempera-
ture, superlattice growth and potential for the most so-
phisticated composition and doping profiles. The growth
temperature is less than 200°C for MBE but around 350°C
for MOCVD, making it more difficult to control the p-type
doping in the MOCVD due to the formation of Hg vacan-

114

cies at higher growth temperatures. The main drawback
of both technologies is a high cost of equipment and main-
tenance. This prevents wider spread of the methods.

4. Double layer heterojunction photodiodes

The realization of HgCdTe heterostructure photodiodes
has based on p*-on-# structure (symbol “+” denotes strong
doping, underlined “_” wider gap). In such diodes, the
lightly doped narrow gap absorbing region (“base” of
the photodiode), determines the dark current and
photocurrent. In these photodiodes the base n-type lay-
ers are sandwiched between CdZnTe substrate and high-
doped, wider-gap regions. Due to backside illumination
(through CdZnTe substrate) and internal electric fields
(which are “blocking” for minority carriers), influence
of surface recombinations on the photodiodes perform-
ance is eliminated. The influence of surface recombina-
tion can be also prevented by the use of suitable passi-
vation. Both optical and thermal generations are sup-
pressed in the p*-region due to wide gap. Thus Ry4 prod-
uct of double-layer heterojunction (DLHJ) structure is
higher than homostructure.

The thickness of the base region should be optimized
for near unity quantum efficiency and a low dark current.
This is achieved with a base thickness slightly higher than
the inverse absorption coefficient for single pass devices:
t = 1/a(which is =10 um) or half of the 1/a for double pass
devices (devices supplied with a retroreflector). Low dop-
ing is beneficial for a low thermal generation and high
quantum efficiency. Since the diffusion length in absorb-
ing region is typically longer than its thickness, any car-
riers generated in the base region can be collected giving
rise to the photocurrent.

The baseline detector architectures for short wave-
length infrared (SWIR) InGaAs and HgCdTe DLHJ
photodiodes are shown in Fig. 2. In the case of HgCdTe
photodiodes, n-type base absorbing region is deliberately
doped with indium at a level of about (1-3)x1013 cm™.
p-n junction is formed using arsenic as the dopant at a
level of about 10'8 cm™3. To active As an acceptor, it must
occupy a Te site in the lattice. Full As activation is
achieved for annealing temperature of 300°C or higher.
The junction are also formatted by As selective implanta-
tion through windows made on a mask of photoresist/ZnS
and then diffusing the arsenic through the cap layer into
the narrow-gap base layer. After implantation, the sam-
ple underwent two consecutive annealing, one at about
430°C (to diffuse the arsenic into the base layer) for ap-
proximately 10 min. and the other at 250°C (to annihilate
Hg vacancies formed in the HgCdTe lattice during growth
and diffusion of arsenic) [18]. The electrical junction is
positioned near the metallurgical 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. At present, most laboratories are using CdTe or
CdZnTe (deposited by MBE, MOCVD, sputtering and e-
beam evaporation) for photodiode passivation [18].
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Fig. 2. Double layer planar heterostructure cross section for InGaAs (a) and HgCdTe (b) photodiodes.

4.1. Long wavelength infrared photodiodes

The dependence of the base region diffusion limited RyA4
product on the long wavelength cutoff for p*-on-n long
wavelength IR (LWIR) HgCdTe photodiodes at differ-
ent temperatures is shown in Fig. 3. This figure also in-
cludes the experimental data reported by many authors
for DLHIJ p-on-n structures. The wider bandgap cap layer
contributes a negligible amount of thermally generated
diffusion current compared with that from an n-type ab-
sorber layer at 77 K, and the upper experimental data
are situated about a half of an order below ultimate theo-
retical predictions. With a lowering of the operation tem-
perature of photodiodes, the discrepancy between the
theoretical curves and experimental data increases, which
is due to additional currents in the junctions (such as
tunneling current or surface leakage current) that are not
considered. Photodiodes with lower performance usually
contain metallurgical defects such as dislocation clus-
ters and loops, pin holes, striations, Te inclusions, and
heavy terracing. Diodes with the highest performance at
40 K contain no visible defects (Hg interstitials and va-
cancies). It should be noticed that the upper experimen-
tal data in very long wavelength range (above 14 pm) at
lower temperatures (40 K) coincides very well with theo-
retical predictions. The best devices continued to be dif-
fusion-current limited by Auger mechanism at zero bias
to 35 K. At 40 K, the measured RyA4 is 2x10* Qcm? and
the measured cutoff wavelength is 17.6 pm. At 35 K, Ry4
is 2x10° Qcm? at cutoff wavelength 18.1 pm. Also the
performance of photodiodes with cutoff wavelengths of
20.3 pum at 40 K is diffusion limited and R4 products for
the diodes reach values in the 10? Qcm? range. There are
the highest reported values at these long cutoffs wave-
lengths for any HgCdTe device.

Typical results achieved for LPE based p-on-n DLHJ
photodiodes include the following [18]:
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* RpA values at 78 K which fit a diffusion-limited
mechanism over a cutoff wavelength range from 9 to
11.5 pm for material doped 7 type at 2x10'3 cm3 and with
lifetime = 500 ns,
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Fig. 3. Dependence of the Ry4 product on the long wavelength
cutoff for LWIR p*-n HgCdTe photodiodes at temperatures < 77
K. The solid lines are calculated assuming that the performance
of photodiodes are due to thermal generation governed by the
Auger mechanism in the base n-type region of photodiodes with
t =10 pm and N; = 5%10'4 cm™. The experimental values are
taken from different papers marked inside the figure.
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- when normalized to a cutoff wavelength of 10.5 pm,
the average Ry4 produced under a background photon
flux of = 2x10!2 photons/cm?s is 300 Qcm? with a break-
down voltage of 600 mV,

- with a f/2 cold shield to establish ®5 =3x10'® pho-
tons/cm?s average Ry4 =200 Qcm?,

- at 40 K, RyA is typically above the 6x10° Qcm?
required for background limited performance at ®g =
1x1012 photons/cm?s,

- even the smallest diodes are not surface limited,

- these devices also withstand prolonged baking at
150°C,

- exceptionally low 1/fnoise (knee frequency < 0.1 Hz
at 50 mV reverse bias) has been observed.

4.2. Middle wavelength infrared photodiodes

Middle wavelength infrared (MWIR) HgCdTe photo-di-
odes were the first to be developed, and many mature tech-
nologies have been used to demonstrate FPAs [30, 31].
Since 1989, SBRC has successfully utilized “infinite-melt”
vertical LPE technology from Hg-rich solution to grow
high-quality epitaxial HgCdTe on the Si-based alterna-
tive substrates for the fabrication of p-on-n DLHJ detec-
tors for high-performance MWIR FPAs. Tung et al. [32]
reported large, up to 480640, MWIR FPAs, grown on
Si-based alternative substrates.

The MBE-grown devices on Si and CdZnTe appear to
be identical [33]. Figure 4 presents a comprehensive com-
parison of the performance of MWIR p*-on-n HgCdTe
photodiodes on CdZnTe and Si substrates for cutoff wave-
lengths ranging from 3.5 pm to 5 pm. The various data
points are median values for mini-arrays included in test
structures for each processed wafer. The devices with high-
est performance are processed from MBE-grown epilayers
on bulk CdZnTe substrates. The shorter cutoff devices
(with A, =3 pm) are diffusion-limited down to at least 125
K. The devices with longer cutoff wavelength (with A, =5
pm) appear to be diffusion-limited down to approximately
110 K. Below this temperature the experimental data ob-
scure the probable onset of generation-recombination and/
or tunneling current limitations.

4.3. Short wavelength infrared photodiodes

Considerable progress in HgCdTe SWIR hybrid FPAs
has been achieved in the last decade. At the beginning
the detector arrays were fabricated using a n* boron im-
planted process on p-type HgCdTe layers grown by LPE
on CdTe or CdZnTe substrates [30]. Next, the PACE-1
process was adopted to fabricate large, 2.5-um 1024x1024
FPAs (HAWALII) for IR astronomy [34, 35]. Recently,
DLPH p-on-n photodiodes in molecular beam epitaxy
(MBE) HgCdTe on CdZnTe substrates have been elabo-
rated by As-ion implantation and the p-dopant activa-
tion by an open-tube Hg anneal [36].

Due to similar band structure of InGaAs and HgCdTe
ternary alloys, the ultimate fundamental performance of
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Fig. 4. Comparison of 125 K detector performance for MWIR
HgCdTe photodiodes grown on Si and CdZnTe by MBE and
photodiodes grown on CdZnTe by LPE. Each data point repre-
sents an array-median Ryp4 product measured at 125 K (after
Ref. 33).
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Fig. 5. The dependence of effective Ry4 product on the long
wavelength cutoff for SWIR InGaAs photodiodes at room tem-
perature. The calculations are performed assuming that the per-
formance of photodiodes is due to fundamental generation-re-
combination processes in the base n-type region of photodiodes
with = 5 um and N, = 3x10'5 cm™. The experimental values are
taken from Ref. 38 (0), Ref. 39 (e), 40 (O), and Ref. 41 (m) (after
Ref. 37).
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Fig. 6. The dependence of effective Ry4 product on the long
wavelength cutoff for SWIR HgCdTe photodiodes at room tem-
perature. The calculations are performed assuming that the per-
formance of photodiodes is due to fundamental generation-re-
combination processes in the base n-type region of photodiodes
with # = 5 um and N, = 3x10'> cm™. The experimental values are
taken from Ref. 36 (), Ref. 38 (O), and Ref. 42 (m) (after Ref. 37).

both type of photodiodes are similar in the wavelength
range 1.5 <A <3.7 um [37]. Next two figures (Figs 5 and 6)
compare the ultimate performance of n-type base InGaAs
and HgCdTe photodiodes with attainable experimental
data. InGaAs photodiodes have shown high device per-
formance close to theoretical limits for material whose
composition is nearly matched to that of InP (1.7 um

MWIR mode

Subsirata
[Z211)B CdZnTe

=
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cut-off wavelength) and InAs ([03.6 pum cut-off wavelength).
However, their performance decreases rapidly at inter-
mediate wavelengths due to mismatch-induced defects
with the substrate. On the other hand, SWIR HgCdTe
photodiodes have good performance over a wider range
of wavelengths. It is due to lattice match of active base
photodiode layers with CdZnTe substrate and conse-
quently lower influence of induced defects at interface on
photodiode leakage current.

5. Dual-band detectors

As the IR technology continues to advance, there is a
growing demand for multispectral detectors for advanced
IR systems with better target discrimination and identifi-
cation. Devices for sequential and simultaneous detec-
tion of two closely spaced sub-bands in the MWIR, se-
quential detection of MWIR and LWIR radiation as well
as those for the sequential detection of two sub-bands in
the LWIR have been demonstrated [43-50]. One of such
two-color HgCdTe detectors that has been recently re-
ported is the bias-selectable back-to-back photodiode
[43-47]. This device is formed by sequentially growing -
p-n structure with two HgCdTe photodiodes. The devices
were grown on commercially available (211)B CdZnTe
substrates (see Fig. 7). Critical step in device formation
is connected with in situ doped 4-pum thick p-type As-
doped MWIR layer with good structural and electrical
properties. n-type conductivity in HgCdTe was obtained
by doping the material with a group II or group VII im-
purity (usually indium). The top and bottom layers are
the LW and MW absorbers with the middle layer being
transparent. In one mode, the MW junction is reverse-
biased, producing a signal for the MWIR; and the LW
junction is forward-biased, producing no signal. Revers-
ing the bias polarity activates the LW junction but not the

LWIR mode

Iﬁi-
HJ_

Substrate
{21118 CdZnTa

4

Fig. 7. MWIR and LWIR modes of operation of a sequential n-p-n two-color detector achieved by switching the bias (after Ref. 46).
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Fig. 8. Relative spectral response versus wavelength for dual-
band (MWIR and LWIR) detectors operating at reverse and
forward-bias modes (after Ref. 46).

MW junction. The relative spectral response of this kind
of detector is shown in Fig 8. The LW detectors were
fabricated with Ro4 > 100 Qecm? (A, = 10.5 pm) and the
MW detectors with Ry4 > 10° Qem? (A, = 5.7 um) at 78 K.

The problems with the bias selectable device are the
following: its construction does not allow independent
selection of the optimum bias voltage for each photodiode,
and there can be substantial medium wavelength (MW)
crosstalk in the long wavelength (LW) detector. Reine et
al. [45, 48, 49] have developed a new two-color HgCdTe
IR detector which overcomes the problems of the bias-

L & MY

LW

selectable device. Figure 9 shows cross section of the in-
dependently accessed back-to-back photodiode dual-band
detector. The LW photodiode is a p-on-» heterojunction,
grown directly on top of the MW photodiode, which is an
n-on-p heterojunction. A thin n-type compositional bar-
rier layer is placed between the MW and LW absorber
layers. This barrier layer forms isotype #-n heterojunction
at the interface, which prevents MW photocarriers from
diffusing into the LW absorber layer and prevents LW
photocarriers from diffusing into the MW absorber layer.
The above detectors with two bumps per unit cell for
electrical, mechanical and thermal interconnections 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. This dual-band device showed that the
MW p-on-p homojunction photodiodes had good RyA
products but the quantum efficiencies were anomalously
low and in some cases the spectral responses were sharply
peaked. To alleviate these problems, in situ growth of
MW diodes in the z-on-p heterojunction configuration by
MOCVD has been carried out [48,49] (see structure shown
in Fig. 9). In the n-on-p heterojunction, the absorber layer
is the n-type layer as compared to the p-type layer in the
n-on-p homojunction, and significantly improved quan-
tum efficiency of 65-80% (without anti-reflection coat-
ing) and classical spectral response have been obtained.
The experimentally demonstrated 64x64 dual-band
array has a unit cell size of 75x75 um?. The deep MW
mesa etch was performed by ECR dry etching. The arrays

W photodiode
G- elara U on

LW pholodinde
p-cn=n harterojunction

Fig. 9. Cross section and energy band profile of the independently accessed back-to-back HgCdTe photodiode dual-band detector

(after Ref. 49).
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were hybridized to a dual-band silicon multiplexer readout
chip that allowed the MW and LW photocurrents to be
integrated simultaneously and independently. In the FPA,
the wide gap SW p-type layer is the common contact to
all detectors in the array. The MW and LW average cut-
off wavelengths at 77 K are in the 4.27-4.35 ym and 10.1-
10.5 pm ranges respectively. These staring dual-band
FPAs exhibit high average quantum efficiency (MW: 79%;
LW: 67%), high median detectivities (MW: 4.8x10!!
emHZz2WL; LW: 7.1x1019 cmHZz2W1), and low median
NETDs (MW: 20 mK; LW: 7.5 mK for Tscgng =295 K
and f72.9).

A successful demonstration of the prototype 128x128
array operated as back-to-back diodes for the simultane-
ous detection of two closely spaced sub-bands in the
MWIR spectrum has been described by Rajavel et al [50].
The device structures were delineated as mesa isolated
structures and contacts were made to the top n-type layer
and the intermediate p-type layer. Fill factors as high as
80% were achieved by using a single mesa structure to
accommodate the two indium bump contacts required for
each unit cell. The devices were characterized by RyA
product in excess of 5%10° Qcm? at 78 K, at f/2 FOV and
quantum efficiency greater than 70% in each band. Im-
agery was acquired at temperature as high as 180 K with-
out any visible degradation in image quality.

Conclusions

To summarize, despite serious competition from alterna-
tive technologies and slower progress than expected,
HgCdTe is unlikely to be seriously challenged for high-
performance applications, applications requiring
multispectral capability and fast response. The recent
successes of competing cryogenically cooled detectors are
due to technological, not fundamental issues. There are
good reasons to think that the steady progress in epitaxial
technology would make HgCdTe devices much more af-
fordable in the near future. The much higher operation
temperature of HgCdTe compared to Schottky barrier
devices and low-dimensional solid devices may become a
decisive argument in this case. The development of so-
phisticated controllable vapor phase epitaxial growth
methods, such as MBE and MOCVD, has allowed to fab-
ricate almost ideally designed heterojunction photodiodes.
Such devices can be obtained using 3-D gap and doping
engineering, with the narrow gap absorber buried in a
wide gap semiconductor. The undoped wide gap material
can be used as a window, and/or a concentrator of incom-
ing radiation. Doped n- and p-type semiconductors are
used for contacts. Thermal generation in the contact re-
gions is virtually eliminated by making them wide gap.

In applications for short-range thermal imaging sys-
tems a serious challenge comes from solid state arrays of
thermal detectors (pyroelectric and bolometers) which are
expected to take over and increase the market for uncooled
short-range imaging systems.

The long term picture could change as a result of cur-
rent research activity, both for single element detectors

SQO0, 3(2), 2000

and arrays. Currently, no known variable gap material
can offer fundamental advantages in terms of perform-
ance or cost of production. A challenge may come rather
from materials exhibiting higher stability.
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