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 Abstract — We report AlInAsSb separate absorption, charge, 
and multiplication (SACM) avalanche photodiodes with a > 3-μm 
optical cutoff, operating at 240 K. Gain and dark current 
performance further improve with reduced temperature. 65% 
external quantum efficiency at 2-μm is achieved without anti-
reflection enhancement. 
 

Index Terms — avalanche photodiodes, photodetectors, 
infrared, mid-infrared. 

I. INTRODUCTION 
id-infrared (IR) light, beginning at a wavelength of 2 μm, 
has found many uses including medical and 

environmental imaging, astronomy, and spectroscopy [1]. As a 
result, the further development of mid-IR detectors has been an 
area of immense scientific research. Solid-state photodetectors 
require bandgaps which are narrow enough to absorb low-
energy mid-IR photons, thus increasing the effects of dark 
current resulting from generation, recombination, and band-to-
band tunneling mechanisms. Since little can be done to move 
away from these narrow-bandgap absorbers, most of these 
photodetectors are cooled during operation. Simple 
photodiodes, including PIN, PN, or nBn architectures are often 
used for applications in the mid-IR since they can be operated 
under low electric field, thereby minimizing the dark current 
[2]–[5]. Considerable work has also been done to create high-
quality photodetectors using exotic superlattice, quantum well, 
and quantum dot materials which absorb light in the mid-IR 
[6]–[10]. 
 Avalanche photodiodes (APDs) offer additional sensitivity 
compared to other photodetectors as a result of their internal 
gain mechanism. Under high electric field, the photogenerated 
carriers within APDs impact ionize, leading to electronic 
amplification of the optically detected signal. Since impact 
ionization is stochastic in nature, excess noise is produced, 
commonly expressed within the shot noise current as 
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〈𝑖!"#$% 〉 = 2𝑞(𝐼&" + 𝐼')𝑀%∆𝑓𝐹(𝑀) (1) 
 
where q is the elementary charge, Iph and Id are the photocurrent 
and dark currents respectively, M is the avalanche gain, Δf is the 
bandwidth, and F(M) is the excess noise factor resulting from 
impact ionization. F(M ) is given by 
 

𝐹(𝑀) = 𝑘𝑀 + (1 − 𝑘)22 − 1 𝑀3 4 (2) 
 
where k is the ratio of the electron and hole impact ionization 
coefficients α and β [11]. Insofar as the noise resulting from the 
avalanche process is less than that from a comparable electronic 
amplifier, APD receivers offer a distinct signal-to-noise 
advantage over those using traditional photodetectors [12]. As 
a result, low-noise APDs have been widely deployed across 
scientific, environmental, military, and commercial 
applications, including telecommunications, imaging, and 
single-photon detection [13].  
 APDs for use in mid-IR applications face a distinct challenge 
as a result of their need for a high-field region. Creative 
solutions must be employed in order to minimize such negative 
effects as high dark current and band-to-band tunneling which 
commonly plague narrow-bandgap materials. One solution 
involves significantly increasing the length of the multiplication 
region, which results in reducing the overall field [14]. A 
difficulty of this approach is in sufficiently reducing the 
material background carrier concentration to allow for full 
depletion of the device. A more common method for limiting 
the electric field in the narrow bandgap absorber is to spatially 
separate the absorber from the high-field multiplication region 
with a low-doped charge or grading layer [15], [16]. This 
separate absorption, charge, and multiplication (SACM) 
architecture is now the prominent design among APDs used in 
IR applications.  
 Recently, the AlxIn1-xAsySb1-y materials system (hereafter 
referred to as AlInAsSb) has been used for APDs with high 
gain, low dark current, low noise, and high temperature stability 
[17]–[19]. As a quaternary material, lattice matching can be 
maintained while widely tuning the bandgap from the visible to 
the mid-IR [20], [21]. As a result, AlInAsSb is highly suitable 
for SACM APDs, as both the narrow-bandgap absorber and 
wide-bandgap multiplication region can be finely tailored for 
specific uses. Room-temperature operation of AlInAsSb  
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Fig. 1. The AlInAsSb SACM APD designs. The epitaxial cross section of the devices (a), only differing in the absorber doping. The energy band diagrams of the 
UID absorber (b) and the p-compensated absorber (c) designs, simulated at the indicated reverse biases. 

SACM APDs has been demonstrated for both 1.55 and 2-μm 
applications with noise characteristics similar to those of silicon 
[22], [23]. By altering the Al content of the alloy and carefully 
designing charge layers which adequately suppress the field in 
the narrow-bandgap absorber, AlInAsSb SACM APDs can be 
designed which operate deeper in the IR [24]. Care must be 
taken to ensure the conduction band barrier between the 
absorber and multiplication region lowers under bias to enable 
photogenerated electrons to drift into the multiplication region. 
Impact ionization, however, which occurs in a higher-Al, wide-
bandgap region, can be expected to exhibit the well-
characterized low noise behavior seen in the AlInAsSb 
materials system [25]. Here, we demonstrate an AlInAsSb 
SACM APD with an optical cutoff > 3-μm, operating at 240 K.   

II. GROWTH AND FABRICATION 
A schematic cross section of the AlInAsSb structure is shown 

in Fig. 1(a). The absorbers are composed of Al0.15InAsSb and 
the multiplication regions are made from Al0.7InAsSb. Both 
designs were grown on n-type Te-doped GaSb (001) substrates 
by solid-source molecular beam epitaxy as a digital alloy of the 
binary semiconductors. We have found that AlInAsSb is 
natively n-type once the background carrier concentration has 
been lowered through outgassing [26]. Two similar SACM 
structures were investigated, one with a natively low n-type, 
referred to as unintentionally-doped (UID), absorbing region, 
and the other with an intentionally-doped low p-type (referred 

to as p-compensated) absorbing region. The energy band 
diagrams of the UID and p-compensated wafers are shown in 
Figs. 1(b) and 1(c), respectively.  

Of note is the intermediate-bandgap charge region between 
the absorber and multiplication layers. The charge region 

 
Fig. 2. The capacitance-voltage curves of both SACM APD designs. The UID 
design (black) shows full depletion at approximately -23 V, while the p-
compensated design (red) indicates that the absorber is still depleting beyond 
the punch-through voltage of approximately -25 V.  Device diameters are 200 
μm.
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Fig. 3. The current-voltage and gain characteristics of both SACM APD designs under 2-μm illumination. (a) and (b) show the UID design at 240 and 100 K, 
respectively. (c) and (d) show the p-compensated design at 240 and 100 K, respectively. Device diameters are 150 μm.  The input optical power levels at 240 K 
are approximately 5 µW and 7.7 μW for the UID and p-compensated curves, respectively. At 100 K, these powers have been reduced by approximately 6 dB in 
order to maximize gain through reduced saturation. 

consists of three distinct layers, all of which are p-type 
1×1017cm-3. After the multiplication layer is grown, the Be (p-
type) source is turned on and a thin layer of the wide-bandgap 
Al0.7InAsSb is grown. Secondly, the growth is linearly graded 
down to Al0.4InAsSb. Finally, a thin layer of Al0.4InAsSb is 
grown to complete the doped charge region. Unlike previous 
AlInAsSb SACM APD designs [22], [23], this final portion of 
the charge region was added to mitigate the high fields that arise 
in the charge layer as the device is depleted. Since the field in 
the charge region will ultimately be much higher than that in 
the absorber, this wider-bandgap layer is designed to protect the 
device from premature tunneling breakdown.  
 Circular mesas were defined by standard photolithography 
and formed first by partially etching the mesas through reactive 
ion etching with inductively coupled plasma. Secondly, a 
citric/phosphoric acid solution was used to completely etch the 
mesas into the n-type Al0.7InAsSb contact layer. Finally, the 
devices were passivated with SU-8 to reduce surface leakage 
current. Ti/Au contacts were deposited using electron-beam 
evaporation.  

III. EXPERIMENTAL RESULTS 
Fig. 2 shows the capacitance of each SACM design as a 

function of reverse bias. The punch-through voltages for the 
UID and p-compensated designs are approximately 23 and 25 
V reverse bias, respectively. These curves indicate that while 
the UID design has fully depleted beyond the punch-through 
voltage, the p-compensated design has not. Using the Fig. 2 
capacitance values to calculate the doping concentration  of the 
p-compensated design [27] results in a stable 1.2×1016 cm-3 
background beyond -25 V, very close to the as-designed 
concentration in the absorber. The depletion characteristics of 
the absorbers are also shown in the band diagrams in Fig. 1(b) 
and 1(c). It can be seen from these simulations that although the 
UID design fully depletes above the punch-through voltage, the 
low native n-type doping in the absorber creates a considerable 
barrier for photogenerated electrons that can impede injection 
into the multiplication layer. In contrast, while the p-
compensated design requires a higher bias to fully deplete, this 
barrier is no longer present. 
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Fig. 4. The dark current density of the p-compensated design as a function of 
temperature. Each curve represents a 20-K increment from 100 to 300 K as 
indicated. 

The current-voltage characteristics of each design were 
examined at 240 and 100 K under 2-μm laser illumination. The 
UID design, shown in Fig. 3(a)-(b) indicates the onset of band-
to-band tunneling beyond approximately -35 V. As a result, the 
gain is severely limited, with little improvement as the 
operating temperature is reduced. Conversely, the p-
compensated design does not exhibit this behavior and 
demonstrates a reduction in the high-bias dark current as well 
as an increase in the maximum gain, both at 240 and 100 K, as 
shown in Fig. 3(c)-(d). In order to correctly calculate the gain 
(shown in the Fig. 3 insets), the electric field profiles of both 
structures were simulated using a Poissonian solver. The 
previously characterized impact ionization coefficients of 
Al0.7InAsSb [28] were then used to determine the gain based on 
electron-initiated impact ionization by 

 

𝑀 =
(𝛼 − 𝛽)𝑒((*+,)

𝛼 − 𝛽𝑒((*+,)  (3) 

 
where W is the width of the multiplication region [29]. For both 
structures the gain is initially calculated at -26 V, which is 
slightly above the punch-through voltage for both. For the UID 
design, the gain at -26 V is 1.35 at both temperatures, whereas 
for the p-compensated design it is 1.61. This difference is due 
to the higher electric field magnitude in the multiplication 
region of the p-compensated design as a result of the additional 
charge within the structure. The gain curve is then determined 
by scaling the measured photocurrent by these initial values. 
For the p-compensated design, the maximum gain is 
approximately 50 and 380 at 240 and 100 K, respectively.  

The dark current density of the p-compensated design is 
shown as a function of temperature in Fig. 4, demonstrating by 
its regular reduction with temperature that the dark current of 
this design is dominated by recombination-generation 
processes. Due to its inferior performance as a result of band-
to-band tunneling evidenced in the Fig. 3(a)-(b), the relation 

between the dark current density and temperature was not 
characterized for the UID design. 

In order to assess the optical cutoff of these devices, they 
were investigated using double-modulated Fourier-transform 
IR (FTIR) spectroscopy at 240 K near the punch-through 
voltages. The voltage drop across a 100-Ω series resistor was 
sent to the signal processing electronics in order to compute the 
spectral response. The photoresponse of a spectrally flat 
pyroelectric detector was used to remove the system response.  

Figs. 5(a) and 5(b) show the spectral response as reverse bias 
is increased for the UID and p-compensated devices, 
respectively. As indicated, the spectral responses increase 
rapidly beyond the punch-through voltage and collectively 
diminish between 3.0 and 3.1 μm. This optical cutoff 
wavelength agrees well with the predicted bandgap energy of 
Al0.15InAsSb (approximately 0.403 eV) [20]. The external 
quantum efficiency (EQE) at 2 μm is shown for each device in 
Fig. 6 as a function of reverse bias. The relative magnitudes 
agree well with those in Fig. 5 and further corroborate the 
previously described charge barrier problem for the UID 
design. At the punch-through voltage of -25 V, the p-
compensated design provided 65% EQE under 2-μm 
illumination. These values are derived from 2-μm laser 
responsivity measurements of devices with no anti-reflection 
enhancement. Due to the high reflectivity of the GaSb capping 
layer (approximately 35% at 2 μm [30]), anti-reflection 
coatings could provide significant enhancement to the shown 
efficiencies, as well as for wavelengths > 2 μm.  
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Fig. 5. Spectral response of the UID (a) and p-compensated (b) designs at 240 
K. Both plots show measurements from 21 to 26 V reverse bias, increasing as 
indicated by the arrows. 

 
 
 
 

 
Fig. 6. The external quantum efficiency of the UID (black) and p-
compensated (red) designs under 2-μm illumination as a function of reverse 
bias. Values are calculated from multiple optical intensities at each point. The 
sharp increase in the red curve is due to the depletion of the charge layer in the 
device. This characteristic is not present in the black curve, however, as a 
result of significant charge trapping in the UID structure. 

The noise performance of these devices was not directly 
investigated. However, we expect it to be the same as all other 
previously demonstrated APDs using Al0.7InAsSb as the 
multiplication material, yielding an approximate k factor of 
0.01 [18], [22], [23], [25], [28], [31]. 

IV. CONCLUSION 
The AlInAsSb materials system has been used to develop 

SACM APDs operating into the mid-IR. We have demonstrated 
such a device operating at 240 K with an optical cutoff > 3 μm. 
Dark current and gain improve with reduced temperature. Two 
designs were demonstrated, one with a UID absorber, and the 
other with an intentionally-doped p-compensated absorber. The 
later of these designs served to limit excessive charge trapping 
and high electric fields in the absorber, leading to superior 
overall performance. For this p-compensated design, M ≈ 380 
was obtained under 2-μm illumination at 100 K. InAs, which 
has a comparable optical cutoff, is commonly limited to low-
gain operation (M < 50), even when cooled to 77 K [14], [32]. 
At the same illumination wavelength, out p-compensated 
design provides an EQE of 65% at the punch-through voltage 
without an anti-reflection coating. These results show promise 
for mid-IR detection using III-V APDs as a result of the 
adaptability of the AlInAsSb materials system, which has the 
potential to be used for SACM designs operating even deeper 
into the mid-IR. 
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