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ABSTRACT  
Significant advances have been made in the development of Avalanche Photodiodes (APDs) capable of 
detecting light at 1550nm with low excess noise characteristics in recent years. Almost all these 
developments are due to novel materials that share one common characteristic, namely, the presence of 
antimony (Sb) in the material where the avalanche multiplication occurs. A key requirement of an APD is 
that the material used for the multiplication region must have a very large difference between the electron 
and hole impact ionization coefficients (α and β respectively). Materials with a small β/α ratio (defined as k) 
give rise to low ‘excess’ avalanche noise and have a better gain-bandwidth product, translating to higher 
sensitivity APDs that are capable of operating at higher speeds. These Sb containing alloys have a major 
advantage in that they can be grown lattice matched on InP substrates, enabling them to take advantage of 
InGaAs (or GaAsSb) as the light absorbing region. As they have relatively large band-gap energies  
(of ~1.5 eV), they can be used as the multiplication region with high electric-fields while using the narrower 
band-gap InGaAs to absorb light at low fields in a Separate Absorption and Multiplication region APD 
(SAM-APD) configuration. Unlike APDs based on materials like HgCdTe, these devices can operate 
uncooled at room temperature. However, the most interesting property of these Sb containing III-V alloys is 
the fact that they have α >> β. These alloys include AlxIn1-xAsySb1-y, AlAsSb and AlxGa1-xAsySb1-y lattice 
matched on InP. In all these cases, the α is similar to that seen in materials like InP and InAlAs but the β is 
reduced significantly, giving rise to low excess noise even at high gain values. A further advantage of these 
Sb containing alloys is that their ionization properties are significantly less sensitive to temperature than 
other III-V materials, reducing the need for temperature stabilization. This presentation will review the 
development of these Sb based APDs and show how their performance compares to that of commercially 
available InGaAs/InP based APDs. It will also explain the mechanisms responsible for the low excess noise 
that is observed.  

1.0 INTRODUCTION 

Currently, III-V based avalanche photodiodes (APDs) for the detection of short-wavelength infrared (SWIR) 
light comprise a narrow band-gap absorption region in combination with a wider band-gap material for 
avalanche multiplication, forming a separate absorption and multiplication (SAM) structure. Recent research 
has identified several new multiplier materials which can provide a significant improvement over current 
technology, displaying very low excess noise factor. All of these novel materials have in common the 
presence of antimony (Sb), which appears to result in a wide ratio between the electron and hole impact 
ionization coefficients (α and β respectively). A small β/α ratio (defined as k) results in devices with 
decreased noise, improved sensitivity, and high bandwidth.  

The narrow band-gap absorber in a SAM-APD structure must be held at a low electric field to prevent 
tunneling currents. A charge grading layer is used to maintain this while eliciting a sufficiently high field in 
the multiplication region for carriers to undergo impact ionization, producing the avalanche gain of the 
device. The advantage of the use of APDs on the overall SNR of a system [1] is illustrated by equation (1): 
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  (1) 

where  is photocurrent,  is dark current, M is multiplication factor, B is the bandwidth, and F(M) is the 
‘excess’ noise factor arising due to the stochastic nature of the impact ionization process. is the RMS 
noise current in the amplification circuitry. SNR will increase with M until limited by the excess noise 
factor, which is expressed by McIntyre [2] as equation (2): 

 (2) 

This indicates the critical importance of a low k value for significantly increasing the SNR of a system 
using APDs. Typical excess noise characteristics for InP, InAlAs and silicon are given in Figure 1. 

 

Figure 1: Excess noise characteristics of GaAs, InP, InAlAs and Si. Grey dash lines 
are the McIntyre local model lines [2] from k = 0 to 1 in steps of 0.1. 

Commercially available APDs for SWIR detection use InGaAs absorbers in combination with InP or InAlAs 
multiplication regions. Although InAlAs represents an improvement over InP, both multiplication materials 
have relatively similar ionization coefficients and display correspondingly high excess noise. Silicon, for 
which α >> β, has very low excess noise factor and is the material of choice for APDs operating at 
wavelengths up to its absorption cut-off in the near infrared range. 

There is now a need for high-sensitivity SWIR APDs for applications including LiDAR, gas sensing, and 
free-space optical communications. Until relatively recently, the only materials suitable for use at these 
wavelengths and exhibiting very low excess noise factor were the narrow band-gap semiconductors InAs [3] 
and HgCdTe [4]. Features of the band-structures of these alloys result in a suppression of β to the extent that 
the k value is effectively 0. However, these materials suffer from high dark currents and devices can only be 
operated with significant cooling. There has also been research into engineering specific device structures, 
such as multiple quantum well or staircase structures [5], [6], [7], in order to preferentially increase the 
ionization of one carrier type over the other. This approach has seen some success, but the complexity of 
such structures makes them more difficult to grow and fabricate reliably. The recent development of several 
wide band-gap antimonide alloys has opened the possibility of a highly sensitive, room-temperature SWIR 
APD utilizing a relatively simple device structure.  
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2.0 RESULTS 

AlxIn1-xAsySb1-y was the first of such antimonide materials to appear in the literature. Woodson et al. [1]  
presented a study of a diode structure with x = 0.7 and y = 0.3, grown on a GaSb substrate. This device 
showed excess noise corresponding to an effective k of 0.015 – a 20x improvement from InAlAs, which 
represented the state of the art for room-temperature devices at that time. In this alloy system, x and y can be 
controlled to produce a direct band-gap ranging from 0.3eV at x = 0, to 1.18eV when x = 0.72 [8]. This 
means that devices which absorb into the mid-IR (MWIR) range can be produced. Reducing the band-gap 
for longer wavelength absorption results in higher dark currents, but lower-aluminium compounds can be 
combined with higher-aluminium compounds in a SAM structure. The first AlxIn1-xAsySb1-y (x = 
0.7)/AlxIn1-xAsySb1-y (x = 0.4) based SAM-APD was reported by Ren et al. [9], with noise corresponding to a 
k of 0.01 up to M = 18 and a maximum M of 50. Ionization coefficients have been reported by Yuan et al. 
[10], who showed that α >> β. AlxIn1-xAsySb1-y SAM structures with cut-off wavelengths up to 3.5µm have 
been reported [11], [12], indicating the possibility of low-noise detection well into the MWIR. A 
disadvantage of this alloy system is the high cost of GaSb substrates, but ongoing work in GaSb-on-Si 
hetroepitaxy may remove this barrier [13]. However, recent work has shown that AlxIn1-xAsySb1-y can be 
grown on InP substrates if different compositions are used. Kodati et al. [14] have reported a nominally 1µm 
thick Al0.79In0.21As0.74Sb0.26 PIN structure grown on InP. The excess noise measured for this structure 
corresponded to an effective k of 0.018, which is similar to comparable structures grown on GaSb [1]. 

The first study to indicate the low-noise potential of AlAs0.56Sb0.44 on InP was that by Yi et al. [15]. 
Measurements on a series of 600nm-1500nm AlAsSb PIN and NIP structures showed that hole-initiated 
multiplication in this alloy was almost zero, while electron-initiated multiplication could be easily obtained. 
This indicated that the α/β ratio for this alloy was very large in thick structures. A subsequent report found 
extremely low excess noise in these structures, equivalent to an effective k as low as 0.005 in a 1.55µm thick 
PIN. However, the use of AlAs0.56Sb0.44 is problematic because its high aluminium content results in high 
surface dark currents and poor device reliability. The addition of small amounts of Ga may improve these 
problems considerably, and it has been shown that reducing the aluminium content does not significantly 
reduce the α/β ratio in other alloys such as AlxGa1-xAs and (AlxGa1-x)0.52In0.48P [16]. 

The first study into thick Al0.85Ga0.15As0.56Sb0.44 structures was by Lee et al. [17], who reported noise 
equivalent to a k of 0.01 on a 1µm thick PIN structure. Thick AlAs0.56Sb0.44 and Al0.85Ga0.15As0.56Sb0.44 
studied up to this point had been grown as a digital alloy (DA), using alternating layers of ternary alloys to 
form a pseudo-quaternary structure. It was then shown by Guo et al. [18] and Lee et al. [19] that 
Al0.85Ga0.15As0.56Sb0.44 could be grown as a random alloy (RA), and similarly low noise to the DA structure 
was measured in an equivalent RA PIN. Electron and hole ionization coefficients for Al0.85Ga0.15As0.56Sb0.44 

have been extracted by Guo et al. [18] for a wide range of structure thicknesses, showing that while α is 
similar to that observed in AlAsSb, β is significantly increased. 

SAM-APD structures incorporating thick Al0.85Ga0.15As0.56Sb0.44 multiplication regions have now been 
reported. The first such structure, described by Collins et al. [20] used an InGaAs absorption region and 
displayed a low excess noise factor of 2.94 at a gain of 20.  

A collaboration between the Ohio State University, the University of Virginia, UCLA and the University of 
Sheffield has now produced a SAM structure with a GaAs0.56Sb0.44 absorber and an Al0.85Ga0.15As0.56Sb0.44 

multiplier which displays extremely low noise, with an F below 3 up to a gain of 70 and a maximum M of 
278 [21]. The device schematic and dark current characteristics for this structure are shown in Figure 2, and 
multiplication and excess noise data for this device are shown in Figure 3. This structure also showed a very 
low temperature coefficient of breakdown (Cbd) of 11.83mV/K, indicating temperature-stable performance. 
Cao et al. also reported a very low Cbd of 4.31mV/K in a similar structure [22]. The Cbd values for these 
structures are shown in Figure 4 alongside those for a range of APD structures using existing materials. The 
use of GaAs0.56Sb0.44 for absorption may provide an advantage over InGaAs because the composition can be 
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readily graded between the absorption and multiplication region. The device cut-off wavelength at high 
multiplication was above 1800nm, as shown in Figure 5.  

The quaternary alloy InxGa1-xAsySb1-y has a band-gap which ranges from 0.7eV to 0.3eV [23], meaning that it 
could be used as an absorption material in a MWIR SAM-APD. AlxGa1-xAsySb1-y can also be grown on GaSb 
with higher Sb content, allowing possible integration in such a structure. Ionization coefficients in 
AlxGa1-xAsySb1-y on GaSb have been extracted by Grzesik et al. [24] for x = 0.4, 0.55, and 0.65 by 
measurements on a series of PIN structures. The β/α ratio was found to vary between 1.2 to 4, a result which 
has been corroborated by Collins et al. [25] who measured a series of PIN structures with x = 0.9. 

 

 

(a) (b) 

Figure 2: (a) A schematic diagram for SACM structure used in this work. (b) Dark current and 
photocurrent characteristics for the GaAs0.56Sb0.44/Al0.85Ga0.15As0.56Sb0.44 SAM-APD structure of 
Lee et al. [21], shown for a 200µm diameter device. 
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(a) (b) 

Figure 3: (a) Measured multiplication data for the GaAs0.56Sb0.44/Al0.85Ga0.15As0.56Sb0.44 
SAM-APD of Lee et al. [21], together with data simulated using a random path length model. 
(b) Measured excess noise data for the same structure, together with data for a commercial 
Hamamatsu InGaAs/InP SAM-APD, measured data for a 1020nm Al0.85Ga0.15As0.56Sb0.44 
PIN structure [21], and a typical characteristic for a silicon device [21]. 

 
(a) (b) 

Figure 4: (a) Bias-dependent multiplication characteristics for the GaAs0.56Sb0.44/ 
Al0.85Ga0.15As0.56Sb0.44 SAM-APD of Lee et al. [21] at temperatures of 296, 333, and 353K. 
(b) Temperature coefficient of breakdown (Cbd) for various APD structures, including the 
GaAs0.56Sb0.44/Al0.85Ga0.15As0.56Sb0.44 SAM-APDs of Lee et al. [21] and Cao et al. [22]. 
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Figure 5: Effective quantum efficiency measurements for the GaAs0.56Sb0.44/Al0.85Ga0.15As0.56Sb0.44 
SAM-APD of Lee et al. [21] under various reverse bias voltages, each given with the 
corresponding multiplication factor. 

3.0 DISCUSSION 

Excess noise data for various Sb-containing alloys are shown in Figure 6. The results for the AlAs0.56Sb0.44 
and Al0.85Ga0.15As0.56Sb0.44, and Al0.79In0.21As0.74Sb0.26 on InP are very low, corresponding to a k of between 
0.005 and 0.02. Al0.7In0.3As0.3Sb0.7 on GaSb displays very low noise at low M, but this increases as the gain 
increases. In all of these cases the low noise is due to the suppression of hole impact ionization, such that α 
>> β. This may be due to the large size of the Sb atom, which may result in the increase of the spin-orbit 
splitting energy (△so). This results in holes in the heavy and light hole bands being less likely to scatter into 
the split-off band, from which hole impact ionization is usually initiated in III-V alloys. This effect has been 
observed in GaAsBi, for which the introduction of small concentrations of Bi, a similarly large atom to Sb, 
suppresses hole impact ionization significantly [26]. α/β ratios for various alloys are plotted against their △so 

values in Figure 7, and a strong correlation between these quantities can be observed. The decreased β in 
higher-aluminium compounds may also be related to the Γ band-gap being significantly larger than the X 
band-gap. The peak of the split-off band is close to Γ point in the Brillouin zone, and holes are likely to 
require a significant momentum change in the form of phonon interactions in order to impact ionize in alloys 
with a very indirect band-gap [16]. A notable exception to this trend is AlxGa1-xAsySb1-y on GaSb, which has 
the highest Sb content and is the only alloy discussed here for which β > α. It has been suggested that, in the 
ternary alloy Ga1-xAlxSb, a ‘resonant enhancement’ of the hole-initiated impact ionization may occur when 
the △so is equal to the direct band-gap energy [27]. It is possible that the high Sb content in AlxGa1-xAsySb1-y 
on GaSb leads to a similar effect, causing an increase in β. 
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Figure 6: Excess noise characteristics for various Sb-containing alloys. 
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Figure 7: α/β ratio for various alloys, plotted against their spin-orbit splitting energy (△so). 

4.0 CONCLUSIONS 

In summary, the use of antimonide based alloys has enabled the development of APDs which can detect at 
SWIR wavelengths and multiply with low noise at room temperature, to much higher gains than current 
technology. Commercial development of such devices has already started. As more research is undertaken, 
the performance of these antinomy based APDs is expected to improve to the point where high sensitivity 
linear mode APDs capable of few photon detection will become available.  
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