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Abstract: Mid-IR is a useful wavelength range for both science and military applications due
to its low atmospheric attenuation and ability to be used for passive detection. However, many
solutions for detecting light in this spectral region need to be operated at cryogenic temperatures
as their required narrow bandgaps suffer from carrier recombination and band-to-band tunneling
at room temperature leading to high dark currents. These problems can be alleviated by using
a separate absorption, charge, and multiplication avalanche photodiode. We have recently
demonstrated such a device with a 3-µm cutoff using Al0.15 In0.85 As0.77 Sb0.23 , as the absorber,
grown on GaSb. Here we investigate Al0.15 In0.85 As0.77 Sb0.23 as a simple PIN homojunction and
provide metrics to aid in future designs using this material. PL spectrum measurements indicate
a bandgap of 2.94 µm at 300 K. External quantum efficiencies of 39% and 33% are achieved at
1.55 µm and 2 µm respectively. Between 180 K and 280 K the activation energy is ∼0.22 eV,
roughly half the bandgap of Al0.15 In0.85 As0.77 Sb0.23 , indicating thermal generation is dominant.
© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1.

Introduction

Mid-wavelength infrared (mid-IR) is a spectral range generally defined as 2- to 5-µm light
and is useful for both science and military applications. Low atmospheric attenuation in this
optical window is useful for astronomy and infrared imaging. It is also well suited for thermal
detection, which is beneficial for night vision systems [1]. Three materials systems are common
for mid-IR detection InAs [2], InSb [3], and HgCdTe [4]. By taking advantage of the process of
impact ionization, APDs realized in these materials can achieve higher sensitivity than typical
photodiodes. However, since these materials systems all have narrow bandgaps, they exhibit
high dark currents at room temperature due to carrier recombination and as a result are typically
operated at cryogenic temperatures to limit the effect. This limitation is inconvenient for certain
applications as cryogenic coolers are complex and bulky. Additionally, the narrow bandgap leads
to the onset of band-to-band tunneling at low electric fields. Although, this problem can be
alleviated by growing thick structures to reduce the electric field, the dark current with typically
suffer as a result.
The use of separate absorption, charge, and multiplication (SACM) structures, which decouple
absorption and multiplication, has been successful in reducing the carrier recombination and
band-to-band tunneling components of dark current in APDs. This design enables low electric
fields in the absorber, limiting tunneling, and high electric fields in the multiplier to promote
impact ionization. Recently, we have demonstrated an SACM APD with a cutoff of 3 µm [5] using
the Al1−x Inx As1−y Sby /GaSb digital alloy materials system. By varying the Al concentration,
the bandgap energy of this material can be tuned for detection from the visible to ∼5 µm
while maintaining a lattice match to the GaSb substrate. This materials system is direct
bandgap up to an Al concentration of ∼80% [6]. APDs made in this materials system have
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demonstrated high gain and low excess noise [7–10], comparable to that of Si APDs. We have
also demonstrated nBn photodetectors operating at 2 µm using Al0.30 In0.70 As0.67 Sb0.33 [11,12],
and 3 µm using Al0.15 In0.85 As0.77 Sb0.23 [13]. The aforementioned 3-µm cutoff SACM also uses
Al0.15 In0.85 As0.77 Sb0.23 as the absorber. Here, we report material characteristics and device
characteristics of Al0.15 In0.85 As0.77 Sb0.23 that may be found useful for future photodetector designs
incorporating the material for operation in the mid-IR. Material characteristics presented include
refractive index, extinction coefficient, absorption coefficient, and the photoluminescence (PL)
spectrum. Device characteristics of Al0.15 In0.85 As0.77 Sb0.23 PIN photodiodes presented include
current-voltage, capacitance-voltage, dark current density versus temperature, responsivity,
activation energy, and ideality factor.
2.

Growth and fabrication

Al0.15 In0.85 As0.77 Sb0.23 PIN epitaxial layers were grown as a digital alloy on an n-type GaSb
substrate via molecular beam epitaxy as described previously [6]. Figure 1(a) shows a schematic
cross-section of the device. Figure 1(b) shows an X-ray diffraction pattern of the grown with the
substrate and superlattice fringe peaks labeled. Figure 2 shows the photoluminescence of the
crystal measured at several temperatures. At 78 K the peak is at 2.89 µm with a full width at half
maximum of 45 meV (6.7 kT). At 300 K the peak is at 2.94 µm with a full width at half maximum
of 81 meV (3.1 kT). The peak at 300 K falls between previously reported PL intensity peaks
for Al0.09 In0.91 As0.31 Sb0.69 (3.35 µm) and Al0.19 In0.81 As0.33 Sb0.67 (2.64 µm) [6]. We suspect the
bump present in the PL spectrum around 3.25 µm is due to atmospheric absorption. Ellipsometry
was performed with a J.A. Woollam VASE Ellipsometer on the bare epitaxy prior to device
fabrication. The wavelength range extended from 280 to 2450 nm with measurement angles from
65° to 75° in 5° increments. Figure 3(a) shows the measured Ψ and ∆ at the three angles and
their corresponding fits obtained using a B-spline fitting approach. Refractive indices, extinction
coefficients, and absorption coefficients were extracted from the fits and are displayed in Fig. 3(b).

Fig. 1. (a) The schematic device cross-section for an Al0.15 In0.85 As0.77 Sb0.23 PIN, (b) the
X-ray diffraction pattern for Al0.15 In0.85 As0.77 Sb0.23 /GaSb.

Following epitaxial characterization, circular mesas were defined using standard lithography
techniques and were wet etched using a solution of C6 H8 O7 :H3 PO4 :H2 O2 :H2 O (10 g:6 mL:3
mL:60 mL). After forming the mesas, Ti/Au (10 nm/100 nm) contacts were deposited via e-beam
evaporation on both the p- and n-contact layers.
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Fig. 2. The photoluminescence versus wavelength for Al0.15 In0.85 As0.77 Sb0.23 /GaSb at
different temperatures.

Fig. 3. (a) Measured Ψ (left axis) and ∆ (right axis) with their corresponding fits (dashed),
and (b) the extracted refractive indices, extinction coefficients (left axis), and absorption
coefficients (right axis) for Al0.15 In0.85 As0.77 Sb0.23 /GaSb.
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Device characterization

Current-voltage curves were measured with an HP 4145 Semiconductor Parameter Analyzer
in a cryogenic chamber cooled with liquid nitrogen. Figure 4(a) shows the dark current and
photocurrent obtained using a temperature-stabilized 2-µm fiber-coupled laser diode at 200 K.
For the photocurrent curve, ∼27 µW of light was incident on the top of the mesa. The light was
focused with a fiber lens to a spot size smaller than the mesa diameter to ensure no sidewall
illumination. A characteristic kink in the dark current curve is visible at -4.5 V, indicating the
onset of tunneling. The photocurrent is constant out to the intersection of the photocurrent and
dark current curves. Figure 4(b) shows the capacitance-voltage curve for a 200-µm-diameter
device measured with an HP 3275A LCR meter at room temperature under blackout conditions.
At a reverse bias of 2 V, the capacitance has leveled off, indicating the device is fully depleted.
Dark current was measured in 20-K increments from 100 K to 300 K and is plotted as dark
current density in Fig. 5(a). Figure 5(b) shows the dark current, under a -2 V bias at 300 K, for
devices of different mesa sizes plotted against mesa diameter. The quadratic fit indicates the
dark current is bulk-limited. The quadratic fit holds up until the onset of band-to-band tunneling
at -5 V. Responsivity was measured at 300 K at 1.55 µm and 2 µm with temperature-stabilized
fiber-coupled laser diode illumination. A reverse bias of 2 V was used to ensure full depletion of
the device. At 1.55 µm and 2 µm the responsivity was 0.49 A/W and 0.53 A/W respectively,
corresponding to external quantum efficiencies of 39% and 33% respectively. The theoretical
external quantum efficiency, η, can be calculated with η = (1-R)(exp(-αW)), where R is the surface
reflection, α is the absorption coefficient, and W is the depletion width (500 nm). Using the
refractive index and absorption coefficient in Fig. 3(b) at 1.55 µm and 2 µm the theoretical external
quantum efficiencies are 35% and 25% respectively. The difference between the theoretical and
measured quantum efficiencies is likely due to uncertainty with fitting the optical constants. We
used a B-spline approach for fitting as there is no reference model for Al1−x Inx As1−y Sb. We
also note that the depletion region is only 500-nm thick and there is no anti-reflection coating.
From the optical constants in Fig. 3(b) we can calculate a normal incidence surface reflection
at 1.55 µm and 2 µm of ∼31%. Therefore, with a proper 1%-reflectivity anti-reflection coating
we can expect quantum efficiencies up to ∼57% and ∼48% at 1.55-µm and 2-µm illumination
respectively.

Fig. 4.
(a) Current-voltage characteristic at 200 K for a 150-µm-diameter
Al0.15 In0.85 As0.77 Sb0.23 PIN with photocurrent, under ∼27 µW of 2-µm illumination,
and dark current. (b) A capacitance-voltage curve at 300 K for a 200-µm-diameter device.
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Fig. 5. (a) Dark current density versus temperature curves from 100 K to 300 K in 20-K
increments, and (b) dark current versus diameter curve with a corresponding quadratic fit at
300 K.

The activation energy was extracted from the measurements in Fig. 5(a) using the relation,
(︃
)︃
−Ea
2
Idark ∝ T exp
(1)
kB T
where Idark is the measured dark current, T is the temperature in kelvin, Ea is activation energy,
and kB is the Boltzmann constant. Figure 6 shows dark current density plotted against inverse
temperature for reverse bias voltages from 1 V to 5 V in 1-V increments for a 150-µm-diameter
device. Equation (1) was used to fit curves to the measured values and extract an activation
energy for each bias voltage. The extracted activation energies are plotted in the inset. The
bandgap for Al0.15 In0.85 As0.77 Sb0.23 is known to be ∼0.4 eV [6]. These activation energies are
approximately half the bandgap energy, which indicates that thermal generation dominates. At
low temperatures under 4 V and 5 V reverse bias, the activation energy is likely dominated by
trap-assisted tunneling current [14].
The forward current-voltage characteristic was measured from 200 K to 380 K in 20-K
increments using a Keithley 2400 SourceMeter. At each temperature, the measured curve was fit
with Eq. (2) to extract the ideality factor. J is the measured forward current density, JS is the
reverse saturation current density, q is the elementary charge, V is the applied voltage, n is the
ideality factor, kB is the Boltzmann constant, and T is the temperature in kelvin.
(︃
(︃
)︃
)︃
qV
J = JS exp
−1
(2)
nkB T
Both JS and n were fit to the measured data using Eq. (2). Figure 7(a) shows the measured
forward current density for a 200-µm-diameter device with fits shown as dashed lines. There
is excellent agreement between the measured data and the fit curves. Figure 7(b) shows the
extracted ideality factor plotted against temperature for two different mesa diameters, 150 µm
and 200 µm. Two different size devices were measured to assess the role of surface effects. From
200 K to 300 K the ideality factors for the two sizes are the same and decrease with increasing
temperature. This inverse trend between ideality factor and temperature has been previously
reported in other structures [15,16]. However, above 300 K, the ideality factor increases with
temperature and the two mesa diameters diverge. The sharp increase in ideality factor above 300
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Fig. 6. Dark current density versus inverse temperature for the Al0.15 In0.85 As0.77 Sb0.23
PIN from -1 V to -5 V in 1-V increments with Eq. (1) fits (dashed). The inset shows the
extracted activation energy versus bias.

Fig. 7. (a) Forward current density versus bias for the Al0.15 In0.85 As0.77 Sb0.23 PIN from
200 K to 380 K in 20-K increments with Eq. (2) fits (dashed), and (b) the extracted ideality
factor versus temperature for a 150-µm-diameter device (square) and a 200-µm-diameter
device (circle).
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Fig. 8. Reverse saturation current density, Js , versus inverse temperature for the
Al0.15 In0.85 As0.77 Sb0.23 PIN with the corresponding activation energy fit using (1).

K likely results from the activation of surface effects, as indicated by the greater increase of the
200-µm-diameter device compared to the 150-µm-diameter device.
The fit Js is plotted versus inverse temperature in Fig. 8. Using the fit Js the activation energy
was extracted using a similar method as used in Fig. 6. Under a similar temperature range as
above the activation energy is 0.25 eV, similar to values above. At higher temperatures, above
300 K, the extracted activation energy is 0.48 eV. This activation energy is similar to the bandgap
of Al0.15 In0.85 As0.77 Sb0.23 indicating diffusion current dominates.
4.

Conclusion

We have reported several material characteristics of Al0.15 In0.85 As0.77 Sb0.23 /GaSb. Refractive
indices, extinction coefficients and absorption coefficients are presented along with a PL spectrum
peaking at 2.94 µm at 300 K. Device parameters for Al0.15 In0.85 As0.77 Sb0.23 PIN photodiodes
are also presented. Dark current versus diameter measurements indicate the dark current of the
fabricated PIN photodiodes is bulk-limited. External quantum efficiencies of 39% and 33% are
achieved at 1.55 µm and 2 µm respectively. Extracted from the reverse dark current density,
the activation energy between 180 K and 280 K is ∼0.22 eV, around half the bandgap energy
of Al0.15 In0.85 As0.77 Sb0.23 , indicating thermal generation is dominant. Ideality factor is plotted
versus temperature for two different mesa diameters. Between 200 K and 300 K the ideality
factors decrease with increasing temperature. Above 300 K, the sharp increase in ideality factor
and divergence between the two mesa diameters is likely caused by the activation of surface
effects. These results may be useful in future photodetector designs using Al0.15 In0.85 As0.77 Sb0.23
for operation in mid-IR.
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