
Technical Physics Letters, 2024, Vol. 50, No. 9

07.2;07.3

Photodetectors with the long-wavelength cutoff of 2.4µm based on

metamorphic InGaAs/InP heterostructures grown by metal-organic

vapor-phase epitaxy
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The technique for growing metamorphic InGaAs buffer layers on InP substrates was used to create photodetectors

with the long-wavelength cutoff of 2.4 µm. Optical and electrical characteristics of photodetectors based on

the InGaAs/InP metamorphic heterostructure and those of devices based on the GaInAsSb/GaSb isoperiodic

system were compared. Instrumental applicability of the developed technique is confirmed by high reverse-bias

photosensitivity and resistance of the photodetectors. The dark current values correlate with low density of threading

dislocations in the photodetector active region assessed by transmission electron microscopy.
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Photodetectors (PDs) of radiation with a wavelength

exceeding 2µm are used in spectroscopy of a number of

substances, e. g. hydrocarbons; this is important for medical

diagnostics and controlling industrial production processes.

PDs may also be used as thermophotovoltaic converters

transforming waste heat generated in production cycles into

electrical energy.

The use of quaternary solid solution Ga1−x InxAs1−ySby

matched in lattice to the GaSb substrate is a conventional

solution to the problem of manufacturing photoconverters

for the wavelength range of 2.0−2.4 µm [1,2]. However,

the GaSb susceptibility to oxidation [3] makes it necessary

to perform, prior to growing the layers, additional

processing even of formally epiready GaSb- substrates.

Also there are some technological difficulties in growing

Ga1−x InxAs1−ySby solid solutions [4]. In addition,

defect-induced recombination losses in PDs based on GaSb-

containing solid solutions [5] increase the dark current den-

sity in such structures and reduce reproducibility of results.

An alternative can be GaInAs where variation in the third-

group sublattice atom concentration makes it possible to

obtain solid solutions with a radiation absorption edge in a

wide spectral range, from near-IR to 3.6 µm. However, only

solid solutions InxGa1−xAs with the InAs mole fraction of

53% are isoperiodic with available semiconductor substrates

(InP). PDs based on such a material [6] have a long-

wavelength cutoff of 1.7µm. Extension to the wavelength

range of up to 2.4µm needs growing the InxGa1−xAs

solid solutions with the InAs mole fraction exceeding 80%,

whose mismatch with the substrate reaches several percent.

The problem may be solved by using the technique of meta-

morphic buffer layers (MBLs) whose task is transition from

the substrate lattice parameter to that of the photodetector

active region by, e. g. smoothly or stepwise varying the

lattice parameter. The main goal in designing MBLs is to

prevent threading of misfit dislocations into the device active

region.

The technique of the InxGa1−xAs MBLs was largely

developed aimed at GaAs substrates for creating the InGaAs

subcell with the bandgap of ∼ 1 eV in cascade solar

photoconverters [7–9]. The authors of this study have pre-

viously developed a technique for growing by metal-organic

vapor phase epitaxy (MOVPE) the InxGa1−xAs MBLs on

GaAs substrates [10,11] for PDs of the 1.02−1.06 µm laser

radiation, which demonstrate a record (50−55% [ 12, 13])

energy efficiency. In this paper, we elaborate the idea

of applying the developed InxGa1−xAs MBLs in adapting

the technique of metamorphic growth on InP substrates for

PDs with absorption edge of up to 2.4µm. The difference

from the previously developed MBL technique consists in

introducing extra layers necessary for matching with the

PD active region material that is the In0.81Ga0.19As solid

solution. Studies concerning the creation of such MBLs

are poorly covered in literature. Paper [14] has reported

MBE growth of the InxGa1−xAs MBLs different in design

and synthesis parameters; however, no information on the

technique instrumental application has been demonstrated.

Rather, there is no data on technological and design features

of commercially available PDs with wavelengths of up

to 2.4 µm [6]. Paper [15] investigated the possibilities of

growing InxGa1−xAs structures on both GaAs and InP

substrates through a buffer of another type, namely, based

on the InAs1−yPy layers.
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Figure 1. Schematic diagram (a) and STEM image (b) of the grown epitaxial InGaAs/InP PD heterostructure. The inset presents a

zoomed part of the STEM- image containing the MBL top part, which demonstrates the overshooting layer and 60◦ threading dislocations.

Comparison of the main parameters of the developed InGaAs/InP

PDs and commercial E2082 photodiodes

Parameter InGaAs/InP E2082

Idark , µA (−1000mV) 18 160

R0, k� 3.6 2.6

S, A/W (2200 nm) 0.83 0.89

NEP, W · Hz−1/2 2.56 · 10−12 2.95 · 10−12

D∗, cm ·Hz1/2/W 3.4 · 1010 3.1 · 1010

The heterostructures were grown by MOVPE on the

n-InP substrates from the Group 3 metal alkyls and

arsine. The layers were doped with monosilane and

bis(cyclopentadienyl)magnesium. The metamorphic buffer

had a fixed-pitch stepped-composite profile and was termi-

nated by an
”
overshooting“ layer [11]. After that, the PD

active region was grown based on the n-type solid solution

In0.81Ga0.19As and p-type wide-bandgap semiconductor

In0.81Al0.19As that played also a role of a wide-bandgap

heterostructure window (Fig. 1, a).

The grown heterostructures were examined by transmis-

sion electron microscopy and scanning transmission electron

microscopy (STEM) with a JEOL JEM 2100 electron

microscope. STEM allows demonstrating in one and the

same image (Fig. 1, b) both the network of dislocations

formed in MBL and small dislocation concentration in the

”
overshooting“ layer (its boundary is visible in the zoomed

part of the STEM image, inset in Fig. 1, b), and also the

absence of threading dislocations in the entire photoactive

part of the heterostructure. The STEM image demonstrates

inclined 60◦ dislocations characteristic of the metamorphic

growth with strong lattice mismatch [16], which form during

threading high-density edge misfit dislocations at the MBL

boundaries. Buffer layers acting as a source of threading dis-

locations promote relaxation of stresses in the growing layer

due to nucleation of edge dislocations at the boundaries

and prevent penetration of dislocations into the photoactive

region. A detailed study of various heterostructure regions at

the interface between MBL and photoactive region gave the

dislocation density estimate of < 5 · 106 cm−2. Although

transmission electron microscopy provides only estimative

characteristics of dislocations, this result correlates with low

leakage currents demonstrated on devices fabricated based

on epitaxial metamorphic heterostructures (see the Table).

Heterostructure-based PDs with the sensitive area 1mm

in diameter were fabricated by conventional photolithogra-

phy and wet chemical etching. The Au−Ge−NiAu material

system was used to make contacts on the side of the n-InP
substrate, while the Cr−Au−NiAu system was used for

the p-InAlAs top layer. The sensitive pad was formed on

the heterostructure epitaxial side. No antireflective coatings

were used. The photodetector chips were mounted on the

TO-18 casing.

Spectral and current-voltage characteristics (Fig. 2) of

the fabricated PDs were measured. The electrical circuit

contained a voltage sweep generator and load resistor for

measuring electric current (in series with the sample).
Spectral setup MDR-41 used in this study was designed

for the visible and IR radiation range of 0.4−10 µm.

The main modules were: source of black (gray) body

radiation, T = 1150◦C; monochromator MDR-41 with a

set of diffraction gratings of 150 to 1500mm−1; two

mirror condensers (project the source image onto the

monochromator input slit and from the monochromator

output slit onto the photodetector); light flux modulator.

The photodetector dark current and resistance R0 were

measured in the manual mode with direct current by

using a circuit where the photodetector was connected

in series with reference resistance Rre f 1 k� in nominal.

Voltage was measured from both the photodetector and

reference resistance (for measuring electric current through

the photodetector). Electrical capacitance of photodetectors
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Figure 2. Photoresponse spectra for a set of three samples (a) and typical current-voltage characteristic (b) of PD based on metamorphic

epitaxial heterostructures InGaAs/InP.

was determined using a precise metering device. All the

measurements were performed at room temperature.

Based on the measurements, photodetector parameters

were calculated: noise equivalent power (NEP) and specific

detection ability D∗ related to the wavelength of 2.2µm.

Calculations were performed via formulae

NEP =

√
4kBT

S
√

R0

, (1)

D∗ =

√
A

NEP
, (2)

where S is the sensitivity, R0 is the photodetector resistance

at near-zero reverse bias (−10mV), A is the area of the

photodetector sensitive area, T is the temperature, kB is the

Boltzmann constant.

Measurements and calculations for photodetectors based

on the p-InGaAs/n-InP PD epitaxial structure are presented

in the table jointly with those for commercial E2082

photodiodes [17] with the long-wavelength cutoff of 2.4µm

fabricated based on the lattice-matched heterostructure

p-AlGaAsSb/GaInAsSb/n-GaSb grown by liquid-phase epi-

taxy. At the similar spectral sensitivity, the best parameter

R0 is exhibited by PDs developed based on metamorphic

heterostructures. The increased PD resistance at the reverse

bias, as well as lower dark current Idark , points at lower

leakage currents (even compared to a fully isoperiodic

structure). As shown in the correlation comparison [13],
this means that the MBL technique allows avoiding the dis-

location threading into the active region, which would cause

the dominance of the
”
leakage“ tunnel-trap mechanism of

the current flow in the p−n- junction.
High R0 allows improving utilitarian parameters NEP

and D∗ (as follows from expressions (1) and (2)). Thus,

comparison of characteristics of PDs based on different

material systems (isoperiodic and mismatched ones) shows

that there has been developed a technological basis for

creating metamorphic epitaxial heterostructures promising

for photodetectors with the long-wavelength cutoff of

2.4µm.
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