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Abstract: This work demonstrates a mid-wavelength infrared InAs/InSb superlattice avalanche
photodiode (APD). The superlattice APD structure was grown by molecular beam epitaxy on GaSb
substrate. The device exhibits a 100 % cut-off wavelength of 4.6 µm at 150 K and 4.30 µm at 77 K.
At 150 and 77 K, the device responsivity reaches peak values of 2.49 and 2.32 A/W at 3.75 µm under
−1.0 V applied bias, respectively. The device reveals an electron dominated avalanching mechanism
with a gain value of 6 at 150 K and 7.4 at 77 K which was observed under −6.5 V bias voltage. The gain
value was measured at different temperatures and different diode sizes. The electron and hole impact
ionization coefficients were calculated and compared to give a better prospect of the performance of
the device.
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1. Introduction

Detectors with a capability of detecting low photon flux are the major focus for the next generation of
mid-wavelength infrared (MWIR) photodetectors. The main application of those detectors is to enhance
the identification of a target or an object for astronomical applications or military electro-optical systems
for passive/active sensing for MWIR atmospheric transmission windows (3–5 microns). Sensitive MWIR
photodetectors also allow for better transmission through common atmospheric problems such as fog,
clouds, and smoke with a glance towards applications in free space optical communication [1,2].
MWIR detector material has shown great potential to be utilized for several applications, such as aerial
and satellite reconnaissance, target tracking using a heat signal, object identification, vascular and
cancer detection, and industrial process monitoring [3–7]. In most of these applications, there is a need
to increase the capability of the system to detect light in a low photon flux situation. In this manner,
devices with internal gain such as avalanche photodiodes (APDs) can achieve the necessary photon
resolution in the situations where only a few photons exist to be detected. MWIR APD devices are
suitable for the detection in passive imaging of attenuated optical signals due to long-range applications
benefiting from the superior transmission of MWIR light through common atmospheric issues.

For the MWIR APD devices, the HgCdTe material system is a great choice and capable of covering
the MWIR spectral range with high gain and low excess noises [8]. So far, HgCdTe is the most mature
material system for infrared technology, but it suffers from drawbacks due to bulk and surface instability,
lower yields, and higher costs, particularly for fabrication [9,10]. InAs-based APDs have also been
reported with acceptable performance but due to a cut-off wavelength limitation, InAs material cannot
cover the entire range of the MWIR spectrum [11].

An opportunity exists to introduce a new material capable of low dark current, high quantum efficiency,
and single carrier multiplication for use in this MWIR range. Antimony-based III/V materials
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(bulk and superlattice) are capable of meeting the bandgap requirements for making APDs in the
MWIR spectral range. For instance, InSb base APD structures were reported recently to support the
capability of this material system [12]. Antimony-based strained layer superlattice (SLS) material
is a developing material system benefiting from different aspects of quantum well and device with
capabilities to cover the entire range of infrared light. The idea of antimonide-based SLS was first
proposed by Nobel Laureate L. Esaki and Sai-Halasz in the 1970s [13]. The superlattice is formed by
alternating layers of different constituent material over several periods. The especial band alignment
leads to the separation of electrons and holes into the different adjacent layers, respectively. The limited
period of SLS structure can enhance the quantum quantization effects causing a transition from a
semimetal to a narrow-bandgap semiconductor. This narrow bandgap semiconductor has capability
for infrared detection as well as infrared emission. To propose specific superlattice within the infrared
spectrum with effective superlattice design, an analytical model can be applied on quantum well
structures along with necessary calculations to optimize the thickness of each constituent material
inside the superlattice structure. As one of the effective methods, the empirical tight-binding method
(ETBM) was implemented to calculate the band structure and cut-off wavelength of the superlattice
structure [14]. The type II staggered gap band alignment of the superlattice structure was able to
deliver excellent infrared detection with its flexible band structure engineering capabilities using
different combinations and compositions of Antimony-based structures such as InAs/GaSb/AlSb or
InAs/InAsSb [15–19]. So far, several designs based on superlattice structure were implemented for
different types of high gain devices [20–23]. In this letter we demonstrate a MWIR APD device
based on InAs/InSb superlattice. The device is a homojunction structure grown on GaSb substrate.
The MWIR APD is a p-i-n device with a capability of internally amplifying charge carriers with an
avalanche process under a high reverse bias that can cause impact ionization. The absorbing region of
the structure extends the operating wavelength across the MWIR spectral range with the gain of 6 at
150 K. The purpose of this research is to explore the possibility of having the superlattice structure
for the realization of high-performance APDs based on Antimony-based III/V materials. As a viable
alternative for the future direction of research, heterostructure SLS-based quantum devices can be
considered to cover different infrared spectral regions.

2. Results and Discussions

In order to verify the cut-off wavelength of the MWIR superlattice and draw a baseline for the
performance of the device in the low-voltage regime, the optical performance of the devices is shown
in Figure 1. In general, the responsivity of a detector is the ratio of the output electrical power over the
input optical signal. The responsivity can determine the optical efficiency in a macroscopic scale of
power. At 150 and 77 K, the device responsivity reaches a peak value of 2.49 and 2.32 A/W at 3.75 µm
under −1.0 V applied bias, respectively (Figure 1). The device exhibits a 100% cut-off wavelength of
4.6 µm at 150 K and 4.30 µm at 77 K. At zero bias voltage, the peak of quantum efficiency (QE) of the
APD was measured to be 58% at 77 K and 54 % at 150 K for the wavelength of 3.63 µm. The inset of the
Figure 1, demonstrates the QE spectrum of the MWIR APD device at different wavelengths at the zero
bias voltage. This can determine the efficient performance of the superlattice detector device at zero
bias voltage across the MWIR region. Almost uniform values for the quantum efficiency across the
whole spectrum from 2.5 µm toward the MWIR region implies the high quality of superlattice material.
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Figure 1. Responsivity spectra measured under front-illumination at 150 and 77 K under −1.0 V
bias voltage. (Inset) Quantum efficiency spectrum of the MWIR APD at zero bias voltage.

Current-voltage (I-V) measurements were carried out using Agilent 4156 c semiconductor
parameter analyzer. The temperature of the devices was varied from 77 to 150 K to study the change
in gain characteristics at different temperatures. A 633 nm He-Ne laser with an incident power of
5.0 mW was used to measure the photocurrent and the gain of the APDs. The calculation of the
multiplication gain was performed by normalizing the photocurrent, i.e., the difference between light
and dark currents, by the difference between the primary un-multiplied current and the un-multiplied
dark current. Figure 2a shows the typical breakdown I-V characteristics and gain characteristics of a
100 × 100 µm2 MWIR APD with a maximum multiplication gain of around 6.0 at a reverse bias voltage
of −6.5 V at 150 K. The devices show a soft avalanche breakdown starting at ~−3.0 V. The gain then
increases until saturating at a gain of ~ 6 at a reverse bias of −6.5 V. The unity optical gain occurs at
−1.3 V applied bias with a dark current of 1.83 × 10−5 A, where the photocurrent at the same voltage
was measured to be 3.65 × 10−4 A. In order to give a better prospect of the distribution of electric field
intensity in the APD device, we investigated the electric field build-up in the multiplication region
using a 1D finite element model [24]. Plots of the evolution of the simulated electric field profile are
shown below in Figure 2b. From this model, it is possible to estimate the peak of the electric field at
the unity gain to be ~ 40 KV·cm−1, which increases to the peak of ~120 KV·cm−1 at −6.5 V where the
maximum gain is reached. However, it is possible that the peak electric field may be larger due to the
inhomogeneity of the doping and ionized defects. This model only considers the average electric field
in the plane of the device. This model neglects the piezoelectric fields due the strained layers.
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Figure 2. (a) Breakdown characteristics and gain of the MWIR APD device. Dark current and
photocurrent are shown on the left axis; gain is shown on the right axis. (b) Simulation of electric field
profile under various applied reverse biases of the MWIR APD device.

Figure 3 presents the hole and electron ionization coefficients for InAs/InSb MWIR APD as
a function of the inverse electric field. The avalanche gain is primarily dependent upon two
material parameters: the electron and hole impact ionization coefficients α and β. The gain can
thus be split into electron and hole terms (Mn and Mp, respectively) and represented in terms of the
ionization coefficients. The α and β are calculated using the multiplication gain under front and back
illumination using the following equations [25]:

α =
1
W

Mn(V) − 1
Mn(V) −Mp(V)

ln
Mn(V)

Mp(V)
(1)

β =
1
W

Mp(V) − 1

Mp(V) −Mn(V)
ln

Mp(V)

Mn(V)
(2)

where Mn and Mp are the multiplication gain as a function of voltage and W stands for the depletion
region width which is assumed to be the width of the absorber layer (i-InAs/InSb). Because of very low
doping of the absorption/multiplication region, the electric field is nearly constant across this region.
We illuminated the device from either top p+ contact and top n+ contact to control the dominate carrier
injection into the multiplication region [25]. For the top contact illumination of n+ contact, the device
with flipped structure was grown and processed under the same condition. The large difference in α

and β (see Figure 3) under these different injection regimes is direct evidence that the effective α is
greater than β. It also implies that the avalanche multiplication process is dominated by the impact
ionization of electrons. The overall trend of the gain depicted in Figure 2, along with the large difference
in electron and hole impact ionization coefficients of the gain, indicates a single-carrier-dominated
avalanche mechanism, as seen in similar MWIR APDs [26,27]. The impact ionization coefficient
(β/α = k) for the MWIR APD was calculated to be 0.27, which, for the p-i-n III-V structure, is acceptable,
but it is still much greater than the reported cases for HgCdTe APDs. As demonstrated by McIntyre [28],
a large difference in the ionization rates for electrons and holes is essential for a low noise avalanche
photodiode. The multiplication process introduces excess noise due to statistical fluctuations in
the number of secondary carriers created per avalanche event. Therefore, enhancing the k value
for InAs/InSb MWIR APD can be considered for the future direction of this study, using a separate
absorption multiplication design or bandstructure-engineered avalanche regions [29,30].
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Figure 3. Hole and electron ionization coefficients for MWIR APD vs. inverse of electric field.

The gain of the device was measured at different temperature as illustrated in Figure 4. At 77 K,
the gain of device reached to 7.4 at−6.5 V bias voltage. This value is close to the previous reports for III-V
based APDs at 77K [11,12]. The temperature-dependent gain characteristic shows a continuous decrease
in the multiplication gain at higher temperatures. The decrease of the gain at higher temperatures is
due to a higher probability of carrier-carrier scattering and a higher loss of kinetic energy of carriers
via various scattering mechanisms.

Figure 4. Temperature-dependent gain characteristics of the APD. Inset: Gain as a function of device
area at 150 K. The corresponding voltage at which each gain was measured is shown next to each
gain value.
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The inset of Figure 4 demonstrates the gain value for APDs with different diode sizes at 150 K by
testing several devices. The corresponding voltage that each gain was measured is shown next to each
gain value. The highest gain of 6 was obtained for the smallest APD size (100 µm). All the devices
with different areas showed gain but the gain value was decreased slowly by increasing the size of
the diodes, which could be related to higher dark current for larger sizes.

3. Materials and Methods

The APD MWIR photodetector was grown on 2-inch Te-doped n-type (1017 cm−3) GaSb (100)
substrate using an Intevac Modular Gen II molecular beam epitaxy (MBE) system (Veeco Corporate,
Plainview, NY, USA) equipped with As and Sb valved cracker sources. After deoxidizing the surface,
in order to smooth out the surface of the substrate, a 200-nm-thick GaSb buffer layer was grown as the
first step. Then, the whole p-i-n structure of InAs/InSb superlattice (11 ML of InAs and 2 ML of InSb)
was grown as it is shown in Figure 5. The structure has 0.5 µm bottom n-contact (10 × 18 cm−3),
2.0 µm unintentionally doped absorption i-region, and 0.5 µm top p-contact (10 × 18 cm−3).
Silicon and beryllium were used for n-type and p-type dopant, respectively. The doping concentrations
of different regions were optimized and monitored using strict temperature control during growth
and capacitance-voltage measurement. The structural properties of the superlattices were evaluated
after growth using high resolution X-ray diffraction (HRXRD) and atomic force microscopy (AFM).
The material was then fabricated into circular photodetectors with mesa diameters ranging from
100 to 400 µm. Mesa-isolated etching was performed by a combined inductively coupled plasma
(ICP, Oxford Instruments) dry etching and citric-acid-based wet etching technique. Both the top and
bottom contacts were formed using electron-beam-deposited Ti/Au. The devices were passivated for
protection and insulation purposes by 600 nm SiO2 using plasma-enhanced chemical vapor deposition
(PECVD, Oxford Instruments). The detail about the fabrication can be found somewhere else [31].
The passivation was aimed to minimize the contribution of surface leakage to the dark current [32].
Photodiodes were mounted onto a 68-pin leadless chip carrier (LCC) with indium for electrical and
optical characterization. The connections from the top and bottom contacts of the sample to the bond
pads of the LCC were made with a resistance-heated thermo compression wire bonder.

Figure 5. Schematic of the mid-wavelength infrared (MWIR) avalanche photodiode (APD) structure
under top illumination.
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After fabrication, the devices were characterized using a temperature- and pressure-controlled
Janis STVP-100 two-chamber liquid helium cryostat station (Janis Research, Woburn, MA, USA)
with 300 K background. The optical response of the InAs/InSb superlattice MWIR APD was done
at 150 K under front-side illumination. No anti-reflection coating was applied to the devices.
The optical response result was divided into relative spectral response and blackbody integrated
response sub-measurements. The photodetector spectral response was measured using a Bruker IFS
66 v/S Fourier transform infrared spectrometer (FTIR) and the absolute responsivity of the device was
calculated using a band-pass filter in front of the calibrated blackbody source at 1000 ◦C.

4. Conclusions

In summary, Antimony-based III/V material structure was implemented to demonstrate MWIR
APD devices. The structure is a homojunction structure grown on GaSb substrate grown by MBE.
The device exhibits a 100 % cut-off wavelength of 4.6 µm at 150 K. At 150, the QE of 54% was measured
at zero applied bias voltage. The electron and hole impact ionization coefficients for the MWIR APD
device were calculated and compared with each other to give a better prospect of the performance.
This leads to extracting the impact ionization coefficient with the value of 0.27 for the MWIR APD,
which needs to be improved using different architecture for the device structure, by implementing the
concept of heterostructures along with a separate absorption multiplication design.
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