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Abstract—We report low-noise avalanche gain from photodiodes composed of a previously uncharacterized alloy, 
AlxIn1-xAsySb1-y, grown lattice-matched on GaSb substrates. By varying the aluminum content the direct bandgap 
can be tuned from 0.25 eV (0% aluminum) to 1.24 eV (75% aluminum), corresponding to photon wavelengths from 
5000 nm to 1000 nm, with the transition from direct-gap to indirect-gap occurring at ~1.18 eV (~72% aluminum), or 
1050 nm. This has been used to fabricate separate absorption, charge, and multiplication (SACM) APDs using 
Al0.7In0.3As0.3Sb0.7 for the multiplication region and Al0.4In0.6As0.3Sb0.7 for the absorber. Gain values as high as 100 
have been achieved and the excess noise factor is characterized by a k value of 0.01, which is comparable to or 
below that of Si. In addition, since the bandgap of the absorption region is direct, its absorption depth is 5 to 10 
times shorter than indirect-bandgap silicon, potentially enabling significantly higher operating bandwidths. 
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1. INTRODUCTION 
Over the past five decades, avalanche photodiodes (APDs) have been utilized for a wide range of commercial, 
military, and research applications. From the mid 1970’s to the present, optical communications,1 imaging,2,3 and 
single photon detection4,5 were the primary driving forces for research and development of APDs. Relative to PIN 
photodiodes, the internal gain of APDs provides higher receiver sensitivity and dynamic range with concomitant 
increases in loss margins.6-10 Two figures of merit for APD optical receivers are the excess noise factor and the gain-
bandwidth product. Both are linked to the k factor, which is the ratio of the electron, α, and hole, β, ionization 
coefficients. The mean-squared shot-noise current can be expressed as2 <ishot

2> = 2q(Iph+Idark)M2F(M)Δf  where Iph 
and Idark are the primary photocurrent and dark current, respectively, M is the avalanche gain, is the bandwidth, 
and F(M) is the excess noise factor. In the local field model11 the excess noise factor is given by F(M) = kM+(1-
k)[2-1/M]. The excess noise factor increases with increasing gain but increases more slowly the lower the value of k. 
It follows that higher receiver sensitivities are achieved with low k values. The first high-performance APDs for 
short-wavelength infrared (SWIR) were separate absorption, charge, and multiplication (SACM) APDs that 
incorporated InP multiplication regions and lattice-matched In0.53Ga0.47As (referred to in the following as InGaAs) 
absorption layers. These APDs achieved good receiver sensitivity up to bit rates of 10 Gb/s InP/InGaAs.12-14 
However, the relatively high k value of InP, k ~ 0.5, resulted in high excess noise. Recently, M. Nada et al., have 
reported receiver sensitivity of – 21 dBm at 25 Gb/s and 10-12 bit error rate using AlInAs/InGaAs APDs, in which 
the k value is ~ 0.2.15 However, for the past 30 years, the  “champion” material candidate for high performance 
APDs is Si, which has measured k values ~ 0.02.16,17 Unfortunately, as is well known, the bandgap of Si obviates 
operation at wavelengths > 1.0 µm. There have been numerous research efforts to achieve the excellent avalanche 
gain characteristics of Si in the SWIR. One approach has been to combine a Ge absorption region with a Si 
multiplication layer in an SACM APD.18-20 These APDs have achieved comparable to the best III-V compound 
APDs but not superior, as would have been expected owing to their low k value. The reason is that their high dark 
current, which arises from the lattice mismatch between Ge and Si, contributes enough to the noise to offset the 
lower excess noise factor.  
 In this paper we report SACM avalanche photodiodes fabricated from AlxIn1-xAsySb1-y, grown on GaSb. 
The excess noise factor of the Al0.7In0.3As0.3Sb0.7 multiplication region is characterized by a k value of 0.01, which is 
comparable to, or below, that of Si. Further, the lattice-matched Al0.4In0.6As0.3Sb0.7 absorbing region extends the 
operating wavelength beyond 1600 nm and offers gains > 100. These APDs combine the excellent gain/noise 
characteristics of Si with the low dark current and high speed of the III-V compound APDs. 
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2. CRYSTAL GROWTH AND DEVICE FABRICATION 
 
The epitaxial layers were grown on n-type Te-doped GaSb (001) substrates by solid-source molecular beam epitaxy 
(MBE). In order to bypass the wide miscibility gap present in the AlxIn1-xAsySb1-y material system, these layers were 
grown as a digital alloy of the binary alloys AlAs, AlSb, InAs, and InSb, using a digital alloy period of 3 nm and the 
following layer sequence: AlSb, AlAs, AlSb, InSb, InAs, Sb.21,22 The bandgap can be tuned by changing the Al 

concentration, as shown in Fig. 1(a).22 Initial studies of the photodiode characteristics were carried out on AlxIn1-

xAsySb1-y homojunction devices in which the Al concentration was varied from 0.3 to 0.7. Figure 1 (b) shows a 
schematic cross section of the homojunction structure. For the SACM structure, Al0.4In0.6As0.6Sb0.6 and 
Al0.7In0.3As0.3Sb0.7 layers were used for the absorption and multiplication regions, respectively. A schematic cross 
section and the electric field profile of the AlxIn1-xAsySb1-y SACM APD are shown in Figure 2. The structure includes 
a top GaSb contact layer. Beneath the p-type contact layer is a p+:Al0.7In0.3As0.3Sb0.7 (2×1018cm-3, 100 nm) blocking 
layer. The p-: Al0.4In0.6As0.6Sb0.4 (1,000 nm) absorbing layer is sandwiched between two 100 nm-thick p+:AlxIn1-

 
Figure 2. Schematic cross section and electric field profile of AlxIn1-xAsySb1-y SACM APD. 
	

 
   (a)       (b) 
Figure 1. (a) Schematic cross section of AlxIn1-xAsySb1-y homojunction APD and (b) bandgap energy versus Al 
concentration.  
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xAsySb1-y regions in which the Al composition is graded between x = 0.4 and 0.7. Beneath the absorbing region is a 
p+:Al0.7In0.3As0.3Sb0.7 (1.25×1017 cm-3, 150 nm) charge layer, the p-: Al0.7In0.3As0.3Sb0.7 (1000 nm) multiplication layer, 
and an n+: GaSb, 1~9×1017 n-type contact layer. When reverse biased, a high electric field is formed in the 
multiplication layer to enable impact ionization. The function of the charge layer is to create a high-low electric filed 
profile. This enables significant impact ionization in the multiplication region while keeping the field in the absorber 
low enough to avoid high dark current due to tunneling.  
Circular mesas were defined by using standard photolithography and N2/Cl2 inductive coupled plasma (ICP) dry 
etching. Etching was terminated with a surface-smoothing treatment of bromine methanol. In order to improve 
passivation and thus reduce the surface leakage current, an SU-8 coating was spun on immediately after the surface 
treatment. Titanium/gold contacts were deposited by e-beam evaporation onto the mesa and the substrate. 

3. PERFORMANCE AND ANALYSIS
By changing the Al concentration from x = 0.7 to 0.3 the optical cutoff can be tuned from ~ 1.0 µm to > 1.6 µm. This 
is illustrated by the external quantum efficiency measurements on homojunction p-i-n photodiodes with different Al 
concentration shown in Fig. 3. For all these devices, the thickness of the absorbing region was ~ 1 µm and the top 
p+:GaSb contact layer was removed except underneath the p-type contacts. Note that these photodiodes do not have 
an anti-reflective coating.  

Figure 4 shows the dark current versus bias 
voltage for 100 µm-diameter homojunction 
devices. The 70% and 60% devices exhibit 
low dark current and good breakdown 
characteristics. Tunneling appears to be the 
dominant mechanism in the 40% and 30% 
devices. This illustrates the necessity for using 
an SACM structure in which the high field is 
confined to a wide bandgap 70% or 60% layer 
while absorption occurs in lower Al 
concentration layers with low applied field. 
For the Al0.7In0.3As0.3Sb0.7 device, breakdown 
occurred at 41 V reverse bias, corresponding 
to a peak electric field of ~530 kV/cm. The 
maximum stable gain reached before 
breakdown was 95. The dark current was ~ 10 
nA (1.5x10-3A/cm2) at 90% of breakdown. 
Total leakage current, ID, can be expressed as: ID 
= IDS + M.IDB, where IDB is the multiplied dark 
current and IDS is the surface leakage current. 

Figure 3. External quantum efficiency versus wavelength of AlxIn1-xAsySb1-y p-i-n photodiodes. The Al 
concentration is noted on each curve. 

Figure 4. Dark current versus reverse bias for AlxIn1-xAsySb1-y 
p-i-n photodiodes with Al content from 0.3 to 0.7.  
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Measurements of dark current versus gain yield IDS ~ 6 nA and IDB ~ 0.14 nA. These measurements indicate that leakage is 
surface dominated, but further study of passivation techniques promise to push toward buk leakage, further decreasing 
dark current values. 

The dark current, photocurrent, and gain versus bias voltage of the Al0.4In0.6As0.6Sb0.6/Al0.7In0.3As0.3Sb0.7 SACM APD 
shown in Fig. 2 are plotted in Fig. 5. The mesa diameter is 50 µm. The dark current at 95% breakdown is ~ 350 nA, 
which is approximately 100x lower than that of Ge on Si APDs18-20 and comparable to that of AlInAs/InGaAs 
APDs.15,23  The step in the photocurrent near – 38 V occurs when the edge of the depletion region reaches the 
absorbing layer, which is referred as punch-through. The gain is plotted on the right vertical axis. Gain values as high 

as 100 have been observed. Due to the high field in the multiplication layer, there is some impact ionization at punch-
through. By fitting the excess noise using the algorithm reported by H.-D. Liu et al.24 the gain at punch-through was 
estimated as M = 1.2. This was confirmed by comparing the photoresponse with an Al0.4In0.6As0.6Sb0.6 p-i-n 
photodiode that has the same 1000 nm absorption layer. The normalized external quantum efficiency was measured at 
-38 V bias using a tungsten-halogen light source, a spectrometer, and a lock-in amplifier. As shown in Figure 6, the 
optical cutoff wavelength goes beyond 1.6 µm. Note that the absorption layer is only 1,000 nm thick. Higher quantum 

	
Figure 5. Dark current, photocurrent, and gain versus 
excess bias for a 50 µm-diameter 
Al0.4In0.6As0.6Sb0.6/Al0.7In0.3As0.3Sb0.7 SACM APD.  

	
Figure 6. External quantum efficiency versus 
wavelength of AlxIn1-xAsySb1-y SACM APD. 

	

	
Figure 7. Figure 5. Measured excess noise factor versus gain for multiplication AlxIn1-xAsySb1-y SACM APD 
(n) and a Si APD  (p). The solid lines are plots of the excess noise factor using the local field model for k 
values from 0 to 0.6. Both the Si and AlxIn1-xAsySb1-y SACM APD are characterized by a k value of ~ 0.015. 
The shaded region for k ≥ 0.45 denotes typical values for APDs that employ InP multiplication regions. 
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efficiency, particularly at longer wavelengths, can be achieved with thicker Al0.4In0.6As0.6Sb0.4 absorption layers and 
by using an anti-reflection coating on the top surface. Figure 7 shows the excess noise figure versus multiplication 
gain, for both the AlxIn1-xAsySb1-y SACM APD (n) and a Si APD  (p) measured by an HP 8970 noise figure meter. 
The solid lines are plots of the excess noise for k-values from 0 to 0.6 using the local-field model.11 The shaded region 
for k ≥ 0.45 denotes typical values for APDs that employ InP multiplication regions. The measured AlxIn1-xAsySb1-y 
SACM APD excess noise corresponds to an estimated k-value of 0.01. This is the lowest noise reported for an APD 
operating in the visible or short-wave infrared. Given the relatively thick multiplication regions of the APDs reported 
here, we suggest that the measured k values reflect the bulk ionization characteristics of Al0.7In0.3As0.3Sb0.7. Low k 
factor values have been observed for detectors fabricated from its constituent materials InAs25,26 and InSb.27 Those 
materials are characterized by very low electron masses, large hole masses, and large separation between the Γ 
conduction band minimum and the X and L satellite valleys. The scattering rates for impact ionization tend to be 
higher than phonon scattering to the satellite valleys.  Additionally, previous studies have shown that the addition of 
Al to a material does not significantly increase its k-value, as with AlAsSb28 and InAlAs.23 Furthermore, initial Monte 
Carlo studies indicate that a high hole scattering rate may contribute further to the low k-value. 

4. SUMMARY 
We report SACM avalanche photodiodes fabricated from AlxIn1-xAsySb1-y, grown on GaSb. The excess noise factor 
of the Al0.7In0.3As0.3Sb0.7 multiplication region is characterized by a k value of 0.01, which is comparable to or below 
that of Si and gains >100. Further, the lattice-matched Al0.4In0.6As0.3Sb0.7 absorbing region extends the operating 
wavelength beyond 1600 nm. These APDs combine the excellent gain/noise characteristics of Si with the low dark 
current and high speed of the III-V compound APDs.  
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