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Recent developments in the design and technology of InGaAs infrared detectors are
reviewed. Due to advances in molecular beam epitaxy and metalorganic chemical vapour
deposition it became possible to grow strained and relaxed InGaAs layers on different
substrates. It enabled for significant extension of spectral range of InGaAs detectors.

1. Introduction

The InyGaj_xAs ternary alloys cover a wide range
of lattice constants between GaAs (x = 0: a = 0.5653
nm, Eg=1.43 ¢V) and InAs (x = 1: a=0.6058 nm, Eg =
0.35 eV). Except the alloy with composition
Ings53Gapa7As, which is lattice-matched to InP, all
other InxGaj.xAs compounds grown on GaAs or InP
substrates are mismatched materials. Therefore, in-
stead of one ternary compound, we have to deal with
three different structures, relaxed and compressively or
tensilely strained ones. The properties of these struc-
tures differ considerably.

InyGajxAs is a direct-gap semiconductor for any
value of x between 0 and 1. Ing53Gag47As (Eg = 0.74
eV at T = 300 K), lattice — matched to InP, is widely
used due to high mobility, high velocity of electrons
and large intervalley separation in the conduction
band. For these reasons field-effect transistors made of
this material have record static, frequency, and noise
characteristics. Moreover, the bandgap of
Ing53Gag.47As corresponds to a spectral range where
both the losses and dispersion of optical fibres are very
low. Therefore, Ing 53Gag47As is also used to fabricate
sources, modulators and detectors of near infrared
radiation.

It is very rare for a semiconductor to be applied
both in electronics and optoelectronics. For this unique
reason InyGaj-xAs, as well as its heterostructures, are
used in optoelectronic integrated circuits.

The area of applications of strained InxGaj.xAs has
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been growing fast for the last few years. Relaxed layers
are used in bandgap engineering, whereas strained
material is used in engineering of both bandgap and
band structure. Due to the development of such
modern techniques as MBE (Molecular Beam Epitaxy)
or MOCVD (Metalorganic Chemical Vapour Deposi-
tion) very thin films with thicknesses below 10 nm
may be fabricated. Because of that InyGaj.xAs
epitaxial layers grown nowadays may have lattice con-
stants considerably different from those of the sub-
strate. These techniques contributed also to the crea-
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Fig. 1. Changes of InxGaj-xAs band structure under the
influence of compressive and tensile strain [1].
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Fig. 2. Bandgap in InyGaj-xAs grown on (001) GaAs. Com-
pressive strain increases the energy distance between the
bands of heavy and light holes and the conduction band [2].

tion of a new group of quantum detectors of radiation —
QWIPs (Quantum — Well Infrared Detectors). Devices
of this type contain InxGaj.xAs quantum wells and may
detect mid and far infrared radiation.

2. Strain versus band structure of
InxGaj-xAs layers

If InxGa;xAs layers (regardless of the value of x)
grown on (001) GaAs are not relaxed through genera-
tion of misfit dislocations, they are subjected to biaxial
in-plane compression with simultaneous extension
along the [001] direction of growth. InyGaj.xAs (X
0.53) grown on InP is exposed to a similar strain. On
the other hand, InxGa) xAs (x 0.53) grown on (001) InP
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Fig, 3. Influence of strain on energy distances in InyGaj.xAs
grown on (001) InP [3].
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Fig. 4. Spectral response of: a) Ge photodiode at T = 295 K.
Two different slopes are observed at 1.8 um and 1.55 pm.
These are the result of indirect gap absorption and direct gap
absorption, respectively. b) Ing s 3Gag 47As photodiode at 295
K. A fast increase of response in the vicinity of 1.6 jm is
caused by direct gap absorption.

is subjected to in-plane tensile strain with simultaneous
out-of-plane compression. Qualitative changes of the
band structure due to the strain are schematically
shown in Fig.1. Strain eliminates the degeneracy of the
heavy-hole band V and the light-hole band V3. Simul-
taneously, tensile strain causes V2 band (nominally the
light-hole band ) to move above Vjone . Nevertheless,
as can be seen from the curvature of the bands, the
values of effective masses of light and heavy holes are
strongly dependent on the crystallographic direction.
The relation between lattice constants indicates that
InyGajxAs grown on GaAs is always subjected to
compressive strain, whereas the same compound
grown on InP may be exposed either to tensile or
compressive strain, depending on the value of x. Quan-
titative changes of the energy bandgap due to strain in
InxGajxAs layers grown on GaAs and InP are shown
in Figs. 2 and 3, respectively.

It is worth noticing that considerations concerning
strain correspond to relatively thin layers, whose thick-
ness is below the so-called critical thickness tc. The
value of te strongly depends on the stoichiometry of
both layer and substrate, as well as on the temperature
of growth. It is usually lower than 10 nm. Nevertheless,
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in the case of profiled substrates strained
Ing.11Gag.goAs layers with a thickness of 150 nm and
Ing,15Gap gsAs layers with a thickness of 90 nm were
fabricated on GaAs [4].

3. PIN photodiodes

The most important parameters of a photodiode
are spectral response, quantum efficiency, speed of
operation, capacitance, dark current and reliability.
InyGaj-xAs is a material which enables detectors with
optimal parameters in all the above categories to be
fabricated. In the (1 + 2) um spectral range germanium
is the only competitor to InyGaj_xAs diodes. Ge detec-
tors do not, however, match the speed of operation and
noise characteristics of InyGaj-xAs ones. Spectral char-
acteristics of both detectors are shown in Fig. 4.

The spectral response of InxGaj-xAs photodiodes,
similarly to other semiconductors, is determined by the
bandgap. The spectral response for above bandgap
photons is determined by the absorption coefficient o.
In InyGajxAs the value of o reaches 10% cm! for
energies several kT higher than the bandgap. In this
spectral range all photons are absorbed within the dis-
tance of several um from the surface. On the other
hand, for hv = 1 eV the absorption coefficient o = 10°
cm! and the majority of photons are absorbed very
close to the surface. Such strong changes of o lead to a
decrease of the photocurrent of minority carriers reach-
ing the p-n junction for shorter wavelengths (< 1.5 tm)
due to surface recombination (Fig. 4).

The maximum quantum efficiency for InyGaj.xAs
photodiodes is approximately 75%, which is deter-
mined by optical reflection at the air/semiconductor
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Fig. 5. Spectral characteristics of InyGaj-xAs photodiodes
(x 20.53) grown on InP (lattice mismatched) in EPTTAXX
Inc. by means of hydride vapour phase epitaxy.
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Fig. 6. Spectral characteristics of_lnxGa1_xAs photodiodes
(x > 0.53) grown on GaAs (lattice mismatched) in [ET by
means of MBE.

interface. Antireflection coatings, however, increase
quantum efficiency to nearly 100% [5]. Increasing the
contents of InAs above 53% enables the absorption
edge to be moved above approximately 3.5 um. There-
fore, important spectral ranges, such as the short-wave
window (2 +2.5) um and the short-wave part of the
(3 +5) um window in which atmosphere is transparent
are partially covered. This requires, however, fabrica-
tion of relaxed layers which are lattice mismatched to
the substrate. At present there are two methods of
fabrication of such layers. In the first method a thick
layer (= 20 wm) is grown on InP with the composition
graded linearly. This layer is followed by a highly
doped layer (= 2 um). Finally, the appropriate detector
structure is grown [6]. In the second method the thick
layer is replaced by several thin layers (< 0.2 ptm) with
composition changed abruptly. The quality of the inter-
faces on which misfit dislocations are generated is in
this case of great importance. An important advantage
of the second method is the fact that InyGajxAs
(x> 0.53) may be grown also on GaAs, a substrate with
a considerably different lattice constant. A comparison
of spectral characteristics of ternary compounds fabri-
cated using the two methods is shown in Figs. 5 and 6.
Recently, Wojtczuk et al. [7] have grown structures of
Ing.72Gagp28As on InP using abrupt composition chan-
ges by means of MOCVD.

Photodiodes with extended spectral range (A <
2.6 um) have a relatively low dark current (1.1 pLA at
-5 V), detectivity D* > 1.5 x 10! cmHz!/2/W and low
capacitance 6 pF (0V) and 2 pF (-1V). The parameters
of these photodiodes are similar to the typical values
encountered in widely used Ings53Gagp47As/InP detec-
tors (A < 1.7 um). Due to considerable homogeneity of
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the layers and reproducibility of the processes, typical
of IMI-V compounds, 64 x 1 [7], 512 x 1 and 1024 x 1
[8] linear arrays and two-dimensional detector arrays
with A < 2.6 pum may be produced.

Fabrication of epitaxial layers on silicon is par-
ticularly interesting, since it creates prospects for in-
tegration of detector technology with silicon image
processors. Long-time research on epitaxy of layers
which are mismatched material, conducted in MIT, led
to fabrication of InyGajxAs linear arrays (A < 2.6 pum)
on profiled Si substrate [9].

The parameters of detectors may be substantially
improved through the use of monolithic optical immer-
sion. The transparency of the substrate makes it pos-
sible to fabricate lenses directly in the substrate,
similarly to Hg;.xCdyTe layers on CdTe [10]. Due to
high refractory indices of GaAs and Si (= 3.4) optical
hyperimmersion leads to a reduction of dark current
and capacitance by more than two orders of magnitude
when compared to a conventional device with the same
photosensitive area.

4. Avalanche photodiodes

The value of the noise current caused by
avalanche multiplication of carriers is one of the most
important parameters of avalanche photodiodes. Due
to a relatively low value of this current avalanche
photodiodes are competitive with respect to other
types of photodiodes, such as PIN photodiodes with a
low-noise amplifier. High difference between ioniza-
tion coefficients of electrons and holes and avoiding
of the carriers with lower ionization coefficient from
participating in the avalanche multiplication process
are required in order to achieve low current of
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Fig. 7. Band diagram of a superlattice biased so that
avalanche multiplication is possible.
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Fig. 8. The structure and distribution of electric field in an
SAM p-InxGaj.xAs /superlattice InxGaj-xAs /InAlAs
photodiode [12].

avalanche noise. The fulfilment of the first condition
depends on the properties of the material from which
the multiplication region is made. While in Si the
difference between electron (o.) and hole () ioniza-
tion coefficients is so high that o/p ratio reaches
approximately 100, it is much lower in other semi-
conductors (germanium, III-V compounds). There-
fore, in silicon avalanche photodiodes for the density
of noise current of 1 pA/Hz /2 the gain is usually
above 100.

In order to meet the second requirement in modern
avalanche photodiodes, whether made of silicon or
other semiconductors, the region of avalanche multi-
plication is separated from the region of absorption of
photons (SAM APD — Separate Absorption and Multi-
plication Avalanche Photodiodes). In this way only
those carriers whose ionization coefficient is big
enough are capable of reaching the multiplication
region. Capasso [11] suggested the use of superlattices
for carrier multiplication to improve the o/f ratio. A
band diagram of such a superlattice in the case of 0. > B
is shown in Fig. 7. After reaching the well, electrons
cause impact ionization and generate electron-hole
pairs. Due to the band configuration under the in-
fluence of the applied bias electrons are multiplied
by consecutive stages of the superlattice, while the
slope of the valence band prevents multiplication of
holes. This idea was used in practice to fabricate a
p- InxGai.xAs/InP structure with separate regions of
absorption and multiplication. The structure is shown
in Fig. 8 [12]. The structure, fabricated using MBE,
had quantum efficiency of 73% at the multiplication
factor of unity. The maximum multiplication factor
was, however, relatively low and was equal to 10 at
3 GHz.
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Fig. 9. InGaAs/InAlAs photodiode with polyamide insula-
tion, fabricated in IET.

5. Metal — semiconductor — metal
detectors

Metal-semiconductor-metal photodiodes (MSM
PD) consist of a semiconductor layer which absorbs
radiation, and two interdigitated metal electrodes
deposited on top of it to form back-to-back Schottky
diodes. Since the structures are planar, the capacitance
is particularly low when the semiconductor layer is
depleted due to the applied bias. Therefore, this detec-
tors are fast and have very low noise, which is indis-
pensable in the case of optoelectronic integrated cir-
cuits, The advantages of these diodes were often
demonstrated in the case of detection of A= 0.8 um
radiation. Van Zeghbroeck et al. [13] fabricated MSM
PD on GaAs with a record cut-off frequency of 105
GHz. Nevertheless, InyGa)_xAs detectors of (1.3 +

Substrate S| GaAs

Fig. 10. MSM PD structure with a relaxed superlattice
InyGa|_xAs/GaAs on GaAs substrate [19].
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1.55) um radiation are still extensively investigated.
This is due to the fact that the dark current in InyGaj.xAs
MSM PD is relatively high because of the small height
of Schottky barrier (= 0.2 eV) in this structure. Grow-
ing an additional layer of InAlAs is the most promising
method to heighten the barrier [14]. Wide-bandgap
IngAl1.xAs (x = 0.52) lattice-matched to InyGaj-xAs
(x =0.53) grown on InP has a high Schottky barrier. A
thin layer of InAlAs (= 60 nm) heightens the barrier
both for electrons (up to = 0.8 eV) and holes. Using
these heterostructures (see Fig. 9) cut-off frequencies
of 6.2 GHz were obtained [15].

A substantial progress in reduction of dark current
was achieved recently due to a deposition of additional
layers of CdS (7 nm) [16], SizN4 (200 nm) [17], or
metallic barrier engineering [18]. Dark currents with
record low values of 0.13 and 0.44 pA/um? were ob-
tained with the bias of 5 V and 10 V, respectively [18].

Alternative designs of a MSM InyGa.xAs detector
grown on GaAs and operating in the same spectral
region were reported. One such structure fabricated by
means of MBE at a relatively low temperature is
shown in Fig.10. The active layer of the detector con-
sists of a strained superlattice: 120 periods of 6 nm
GaAs and 6 + 8 nm Ing s6Gap34As. The total thickness
of the active superlattice is several times higher than
the critical one. Nevertheless, it is widely known that a
thick, strained superlattice consisting of thin films,
with the thickness of each film lower than the critical
one, relaxes as a whole, therefore, misfit dislocations
are located at the superlattice/substrate interface.
Moreover, the superlattice prevents misfit dislocations
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Fig. 11. Band diagram of a quantum well with depths AEc
and band AEy . Intraband absorption for electron transitions
from E; to E2 or hole transitions from Hj to Hz is marked
schematically.
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from propagating to the active region of the diode. If
this structure is fabricated using MBE it is possible to
fabricate near-ideal in situ Al barriers on the surface of
GaAs [20].

6. Quantum — well infrared
photodetectors

Interband optical absorption involves transitions
between the conduction and valence bands. This leads
to generation of free carriers — both electrons and
holes. The photocarriers are collected in the detector
structure and thus a photocurrent is produced.

Intraband (intersubband) transitions between dis-
crete levels in quantum wells may also be used to
detect radiation. These transitions are marked
schematically in Fig.11. The carriers may pass the
potential barrier even if hv < By . Thus the
mechanism of absorption is related to the excitation
of electron (hole) from the ground state in a doped
well to an excited state in the same band. The wells of
quantum detectors are designed in such a way that the
excited carrier may escape and contribute to the
photocurrent.

An important advantage of quantum detectors is the
fact that their spectral characteristics may be shaped
through the choice of material and the thickness of quan-
tum wells. In the case of n-type doped wells the quan-
tum-mechanical selection rules in point of the conduc-
tion band forbid electron transitions with the incident
light perpendicular to the surface. Therefore, these struc-
tures must be illuminated usually at an incidence angle
of 45°. On the other hand, in p-type doped wells absorp-
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Fig. 12. Spectral characteristic of a quantum-well infrared

photodetector Inp.53Gag.47As / Ings52Alp.48As on InP at
T=77K [21].
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tion of incident light perpendicular to the surface is
possible due to strong interactions between light and
heavy holes in the valence band for k # 0.

In n-Ings53Gag47As/Inos2AlpagAs (well / barrier)
heterostructures lattice-matched to InP the discon-
tinuity of the conduction band is considerable AEc =
550 meV). Thus a quantum detector may be designed
which operates at much shorter wavelengths (Ap = 4 um)
when compared to those obtained in the best known n
— GaAs/AlyGajxAs detectors (6 + 18 pm). Typical
spectral characteristic of such a detector is shown in
Fig.12. Due to a considerable discontinuity of the va-
lence band in the lattice-matched p-Ino.s3Gao.47As/InP
structure quantum detectors operating in the 2 + 4 um
range with Ap = 2.7 pm were obtained.

Since many combinations of well and barrier
materials are possible, we will only mention the already
fabricated quantum detectors containing InxGaj.xAs.

n-Inp 53Gap 47As/ Ap =4 um lattice-matched [21]
/np.s2Alp.48As
n-Ing 53Gag.47As/InP Ap=8 um lattice-matched [22]
n-Ing 15Gap gsAs/GaAs Ap=15um  strained well [23]
p-Inp 53Gap 47As/InP dp=2.7 um lattice-matched [24]
p-Ing 53Gag.47As/InP hp=6.7 (higher orders)

and 10.9 um  lattice-matched [25]

7. Summary

The results of research, both theoretical and ex-
perimental, conducted so far indicate that InxGapxAs is
a perfect material for optoelectronic devices — sources,
modulators and detectors of radiation. These devices
may be optimized to operate at any given wavelength
between the long-wave edge of the visible range and
approximately 3.5 wm. This range may be extended
through bandgap engineering. Low-temperature
epitaxy methods, particularly MBE, are especially im-
portant for deposition of this material on substrates
with a different lattice constant.
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