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Low-noise high-temperature AlInAsSb/GaSb
avalanche photodiodes for 2-μm applications
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Sensitive photodetectors that operate at a wavelength of 2 μm are required for applications in sensing and imaging but
state-of-the-art devices are severely limited by high dark current density (Jdark). The narrow-bandgap materials required for
mid-infrared (2–5 µm) detection are plagued by carrier recombination and band-to-band tunnelling; as a result, detectors must
be operated at cryogenic temperatures. HgCdTe is currently the most commonly used materials system for these applications
and has achieved Jdark = 3 × 10−4 A cm–2 at a gain of 10 while operating at 125 K. Here, we report the details and results for avalanche photodiodes for 2-μm detection based on a separate absorption, charge, and multiplication design in the AlxIn1–xAsySb1–y
materials system. We achieve comparable Jdark between 200–220 K and demonstrate very low excess noise (k ≈ 0.01) and gain
>100 at room temperature. Such avalanche photodiodes could prove useful for receivers for eye-safe light imaging, detection
and ranging.

O

ptical detectors often require higher sensitivity than traditional p–i–n photodiodes1. Avalanche photodiodes (APDs)
are widely deployed in scientific, telecommunication and
military applications to meet these needs, as their intrinsic gain
mechanism allows for high sensitivity2; however, due to the stochastic nature of the impact ionization process, APDs
con inherently

tribute to the shot noise current, hi2shot i ¼ 2qM 2 Iph þ Id F ðM ÞΔf ,
via an excess noise factor, F ðM Þ ¼ IkM þ ð1 � kÞð2 � 1=MÞ 3. Here,
q is the electron charge; M Iis the gain; Δf is the bandwidth element;
Iph and Id are the photo and dark current, respectively; and k is the
ratio of the hole impact ionization coefficient (β) to the electron
impact ionization coefficient (α) and has been characterized as a
static value in many photodetector materials. Due to the squared
relation of the excess noise factor to the gain in the shot noise current, a low k factor is critical for designing a low-noise APD if the
device is to operate with any substantial gain. As receiver circuit
noise is thus far unavoidable, if the noise contribution of the APD
does not exceed that of the receiver circuit noise, the APD provides
a distinct advantage in low-noise, high-sensitivity photodetection.
With the recent advance of light imaging, detection and ranging
(LIDAR) systems in highly populated urban areas, eye safety has
become a growing concern. To allow for longer range and higher resolution detection in the traditional telecommunication wavelength
band, higher laser power must be used, which increases the potential
for eye damage. Longer wavelength lasers can be employed to circumvent this problem, which permit higher power operation and thus
better LIDAR imaging; the 2-µm window is ideal for LIDAR systems
as it is considered eye-safe and effective in long-range detection4. In
many LIDAR applications, highly sensitive detectors are required to
detect the greatly attenuated optical signals that are reflected from
distant objects. As a result, low-noise 2-µm APDs present an ideal
solution for compact, high-sensitivity LIDAR receivers.
InAs (ref. 5), InSb (ref. 6) and HgCdTe (ref. 7) have been the
primary material candidates for 2-µm APD applications. Various
superlattice8,9 and quantum-dot10 architectures have also been demonstrated for mid-infrared applications. Although these materials
exhibit very low excess noise, they must be operated at cryogenic

temperatures to reduce Jdark. Such operating temperatures prohibit
compact receiver production, as the required cryogenic system is
both complex and many times larger than the detector itself.
Various compositions of the AlxIn1–xAsySb1–y (hereafter referred to
as AlxInAsSb) materials system have recently demonstrated high temperature stability11,12 and very low excess noise (k = 0.01–0.05)13,14. The
AlxInAsSb materials system—grown epitaxially via molecular-beam
epitaxy as a digital alloy of the binary constituents15—offers high tunability of the bandgap as a function of the change in the aluminium
concentration16. These properties make AlxInAsSb a promising material for separate absorption, charge, and multiplication (SACM) APD
designs, which have been successfully demonstrated for low-noise
applications at telecommunication wavelengths17.
Here we demonstrate two AlxInAsSb SACM APD designs that are
optimized for 2-µm detection; they use narrow-bandgap Al0.3InAsSb
for the absorbing region and wider-bandgap Al0.7InAsSb for the multiplication layer. These compositions have bandgaps of ~0.58 eV and
~1.16 eV, respectively, as determined by photoluminescence measurements15. As the change in the AlxInAsSb bandgap is primarily in
the conduction band16 and impact ionization is heavily dominated
by electrons18, the design challenge lays primarily in the charge layer
structure. This layer must deplete in such a way that the conduction
band barrier sufficiently lowers to allow photogenerated carriers
into the multiplication region without enabling band-to-band tunnelling in the absorber. As shown in Fig. 1, the first epitaxial design
(device A) utilizes an intermediate-bandgap Al0.5InAsSb (~0.85 eV;
ref. 15) charge layer, whereas the second design (device B) utilizes a
charge layer with a continuously graded bandgap from the absorber
to the multiplication region. The band diagrams of the charge and
grading layers are also illustrated. We utilized both a traditional
charge layer as well as a charged grading layer to effectively reduce
the conduction band barrier under applied bias.

Results

Capicitance–voltage and external quantum efficiency.
Capacitance–voltage curves were measured to verify proper operation of the SACM APDs (Fig. 2a). These measurements illustrate
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Fig. 1 | SACM APD designs. a, The epitaxial cross-section of the devices are shown. The layer material compositions are as follows: (1) GaSb p+, 5 × 1018 cm−3;
(2) Al0.7InAsSb p+, 9 × 1018 cm−3; (3) Al0.7InAsSb p, 1 × 1018 cm−3; (4) Al0.3InAsSb p, 1 × 1018 cm−3; (5) unintentionally doped Al0.3InAsSb; (6) Al0.5InAsSb
(device A) or Al0.3–0.7InAsSb (device B) p, 6 × 1016 cm−3; (7) Al0.7InAsSb p, 1 × 1017 cm−3; (8) unintentionally doped Al0.7InAsSb; (9) Al0.7InAsSb n+, 5 × 1018 cm−3;
(10) GaSb n, 1 × 1018 cm−3. b,c, The energy band diagrams for devices A (b) and B (c) at zero and −20 V bias, illustrating how the conduction band barrier
is lowered with applied bias.

the gradual depletion of the charge layers and the eventual
punch-through of the electric field into the absorber. This occurs
at approximately 27 V and 23 V reverse bias for devices A and B,
respectively. The external quantum efficiency (EQE) was then measured at these bias points. As shown in Fig. 2b, the EQE at 2 μm for
device B is approximately 20%, whereas that for device A is slightly
lower. This is probably due to the advantage that photogenerated
electrons near the conduction band edge in device B have in overcoming the graded bandgap charge layer. The stepped-bandgap
charge layer in device A may present a small barrier for photogenerated electrons moving into the multiplication region even
after the punch-through voltage. The increased EQE in device
B at wavelengths >1.9 μm could also be slightly affected by the
narrow-bandgap portion of the grading layer. As the p-type GaSb
capping layer has a reflectivity of approximately 35% at 2 µm (ref. 19),
an EQE of 20% could be increased to approximately 30% with the
addition of a 1%-reflectivity antireflection coating. Doubling the
absorber thickness could further enhance the EQE to 51%.

Current–voltage and gain. Figure 3 shows the current–voltage characteristics for each device under 2-µm illumination. As
the punch-through voltage for an SACM APD is not necessarily
the same as the unity gain point, the multiplication gain at the
punch-through voltage was determined by fitting the measured
excess noise to the measured photocurrent20. The gain calculated
in relation to the punch-through voltage was then adjusted accordingly and plotted in Fig. 3. This process is discussed in greater detail
in the Methods. The dark current scales linearly with the device
diameter, indicating that surface leakage is the limiting factor, as
shown in Supplementary Fig. 1.
Excess noise. Figure 4 shows the excess noise as a function of M
alongside plots of the excess noise for k factors that range from 0 to 0.1
using the local-field model3. Under 2-µm illumination, both designs
exhibit extremely low excess noise, characterized by k ≈ 0.01 ± 0.004.
This is consistent with previously measured AlxInAsSb devices13,14
and comparable to that of silicon in the visible and near infrared13,21.
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Fig. 2 | Capacitance–voltage and EQE. a, Capacitance–voltage curves for each design. Both are from 150-µm diameter devices. b, The EQE as a function of
wavelength at 27 V and 23 V reverse bias for devices A and B, respectively. Both measurements are from 200-µm diameter devices.
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Fig. 3 | Current–voltage and gain. a,b, Current–voltage and gain curves for devices A (a) and B (b). Each trace was measured from an 80-µm diameter
device at room temperature under 2-µm illumination.
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Fig. 4 | Excess noise. a,b, Excess noise of devices A (a) and B (b). Each trace was measured at room temperature under 2-µm illumination.

Dark current density. To accurately compare the dark current to
that of HgCdTe, Jdark was measured as a function of temperature
from 180 K to 320 K in increments of 20 K for each epitaxial design.
State-of-the-art HgCdTe detectors used for 2-µm and mid-infrared
Nature Photonics | www.nature.com/naturephotonics

detection have Jdark = 3 × 10−4 A cm–2 at M = 10 while operating at
125 K (ref. 7). Figure 5 indicates that at 240 K, our devices do not
reach this magnitude of Jdark until after the punch-through voltage. Furthermore, at 180 K, the Jdark of our devices only reaches
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Fig. 5 | Dark current density. a,b, Jdark for devices A (a) and B (b) as a function of temperature. The dashed line in b indicates the best-fit M = 10 bias.

Conclusion

120
Ref.

∆Vbd /∆T (mV K–1)

100

InP SAM
InAIAs SAM
AIx InAsSb SACM

27

80

Ref. 26

60

Ref. 22

Ref. 24
40
Ref. 17 This work

20

Ref. 23
Ref. 22

Ref. 25

0
2

3

4

5

6

7

8

Depletion width/multiplication layer thickness

Fig. 6 | ΔVbd/ΔT. ΔVbd/ΔT as a function of depletion width/multiplication
layer thickness for InP SAM (red squares), InAlAs SAM (blue triangles)
and AlxInAsSb SACM (black diamonds) APDs. A linear best-fit curve is
included for each materials system. References are included above
data points.

this magnitude near the avalanche breakdown voltage. Based on
the measurements used in Fig. 6, device B shows comparable Jdark
to HgCdTe between 200–220 K. The activation energy of each
device was extracted from the Fig. 5 measurements at −10 V (below
punch-through) and −35 V (above punch-through) for each device.
At these respective biases, they are approximately 0.31 eV and
0.22 eV for device A and 0.23 eV and 0.26 eV for device B.
ΔVbd/ΔT. APDs of common materials systems have been characterized by the temperature dependence of the avalanche breakdown voltage22. This is an important figure of merit for devices that
operate under varying ambient conditions, as a lower breakdown
voltage temperature coefficient (ΔVbd/ΔT) is characteristic of a
device requiring less temperature feedback control. We have characterized the ΔVbd/ΔT of device B under 2-µm illumination from
240 K to 300 K by interpolating the inverse gain to zero at each temperature. Figure 6 shows the results of this work alongside various
other separate-absorption-multiplication (SAM) APDs as a function of the ratio of the full depletion width to the multiplication
layer thickness. For a ratio of 3.56 (this work), AlxInAsSb displays a
ΔVbd/ΔT value that is less than two-fifths that of InAlAs (refs. 23–25)
and one-sixth that of InP (refs. 26,27).

In this paper we have demonstrated low-noise, 2-µm SACM APDs
that are based on the AlxInAsSb materials system, with comparable Jdark to HgCdTe at nearly 100 K higher operating temperature7.
Under 2-µm illumination, gains >100 and EQEs of ~20% at unity
gain without antireflection enhancement have been achieved. The
low-noise characteristics, temperature stability and bandgap tunability of the AlxInAsSb materials system make it a promising candidate for highly sensitive detectors across the near and mid-infrared
spectrum, with less dependence on cryogenic cooling than other
materials systems that are traditionally used for mid-infrared
detection. These characteristics are highly desirable for LIDAR,
night-vision, and thermal-imaging applications in scenarios where
bulky cryogenic systems are impractical. We note that longer cutoff wavelengths can be achieved by reducing the aluminium composition of the APD absorber and further decreasing the bandgap.
This will be the subject of future work.
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Methods

Epitaxial growth. The device structures were grown on n-type GaSb(001) substrates
at a growth temperature of 460 °C, as determined by black-body thermometry
(k-Space BandiT). Solid-source valved crackers provided As2 and Sb fluxes, and
solid-source effusion cells provided Al, Ga, In, Be (acceptor) and GaTe (donor) fluxes.
The AlxInAsSb layers were grown as digital alloys of stable binaries using a repeating
period shutter sequence: AlSb, AlAs, AlSb, InSb, InAs, Sb soak. Further growth
details and optical properties of the resulting material are reported elsewhere15.
Device fabrication. Circular mesas were defined by standard photolithography
processes and etched via N2/Cl2 inductively coupled plasma. Following the mesa
etch, the exposed sidewalls were smoothed with a dilute bromine–methanol solution.
Both p and n titanium/gold contacts were deposited by electron-beam evaporation,
and the mesa sidewalls were passivated with SU-8 to further reduce surface leakage.

Nature Photonics
a lock-in amplifier. Photocurrents were normalized to a calibrated strained-layer
InGaAs photodiode. The light spot from the monochrometer was refocused at
200-nm intervals.
Noise power. The devices were biased with a Keithley 2400 source meter. A 2-µm
temperature-stabilized laser coupled to a lensed fibre was used to illuminate the
APDs. The alternating-current component of the output current was measured
with an Agilent 8973A noise figure analyser through a standard radio-frequency
bias-tee. Careful system calibration was carried out via a calibrated Agilent
346A noise source to remove background noise. Measurements at higher gains
than indicated were prevented by the current tolerance of the analyser. Cooled
noise measurements may allow for analysis at higher gain due to the reduced Id.
For device A, the maximum gain obtained for measurement was approximately
M ≈ 10.2, whereas for device B, it was approximately M ≈ 14.6.

Current–voltage characteristics. Current–voltage characteristics were measured
with a Keithley 2400 source meter. A 2-µm temperature-stabilized laser coupled
to a lensed fibre was used as the optical source. Temperature-dependence
measurements were performed in a liquid-nitrogen-cooled cryogenic chamber and
measured with an HP 4145 semiconductor parameter analyser.

Data availability

Multiplication gain. Although the punch-through voltage indicates that the
charge layer is fully depleted, this does not mean the electric field magnitude in the
multiplication region is at the impact ionization threshold. In fact, the electric field
could be above or below this threshold, meaning M > 1 or M = 1 at the punch-through
voltage, respectively. In the former case, there is gain in the multiplication region
before punch-through and the true unity gain point occurs at a slightly lower
reverse bias. In the latter case, a higher electric field is required in the multiplication
region before impact ionization can occur, meaning that unity gain is at a higher
reverse bias than the punch-through voltage. For this reason, the unity gain point
must be determined by another factor that scales with the gain, the excess noise (see
Noise Power below). Here, the unity gain point was determined by computationally
fitting the measured excess noise to the change in photocurrent using the established
method from ref. 20. This methodology results in both best-fit gain and k factor values.
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Capacitance–voltage characteristics. Capacitance–voltage characteristics
were measured under blackout conditions with a calibrated HP 4275A LCR
meter at 1 MHz.

Additional information

External quantum efficiency. The responsivities were measured at punch through
using a high-pressure xenon gas laser-driven light source, a monochrometer, and
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