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We report low-noise avalanche gain from photodiodes composed of a previously uncharacterized
alloy, Al0.7In0.3As0.3Sb0.7, grown on GaSb. The bandgap energy and thus the cutoff wavelength are
similar to silicon; however, since the bandgap of Al0.7In0.3As0.3Sb0.7 is direct, its absorption depth
is 5 to 10 times shorter than indirect-bandgap silicon, potentially enabling significantly higher
operating bandwidths. In addition, unlike other III-V avalanche photodiodes that operate in the visible or near infrared, the excess noise factor is comparable to or below that of silicon, with a k-value
of approximately 0.015. Furthermore, the wide array of absorber regions compatible with GaSb
C 2016 AIP Publishing LLC.
substrates enable cutoff wavelengths ranging from 1 lm to 12 lm. V
[http://dx.doi.org/10.1063/1.4942372]
Avalanche photodiodes (APDs) have been used for a
wide range of commercial, military, and research applications. Foremost among these are optical communications,1
imaging,2,3 and single photon detection.4,5 Their primary
advantage relative to p-i-n photodiodes is that the APD gain
can provide higher sensitivity, i.e., detection of lower signal
magnitude. However, the origin of the APD gain is impact
ionization, a stochastic process that results in higher shot
noise. The mean-squared shot-noise current hi2shot i can be
expressed as
hi2shot i ¼ 2qðIph þ Idark ÞM2 FðMÞDf ;

(1)

where Iph and Idark are the primary photocurrent and dark
current, respectively, M is the avalanche gain, Df is the
bandwidth, and F(M) is the excess noise factor. In the local
field model,6 the excess noise factor is given by
FðMÞ ¼ kM þ ð1  kÞ½2  1=M, where k is the ratio of the
electron, a, and hole, b, ionization coefficients such that by
convention k ¼ b=a if b < a and k ¼ a=b if b > a. The
excess noise factor increases with increasing gain but
increases more slowly the lower the value of k. The competition between the benefit of gain and its relationship to excess
noise is illustrated by the signal to noise ratio, SNR
SNR ¼

I2
;
2qIFðMÞDf þ r2circuit =M2

(2)

where r2circuit is the RMS noise current of the following amplifier. It is clear that until the gain becomes high enough for
the excess noise to dominate the total noise, the APD gain
effectively suppresses the amplifier noise. Thus, low excess
noise, i.e., low k-values, are highly desirable. It should be
noted that low k values also yield high gain-bandwidth
products.7
The most straight-forward method of achieving low
noise is to select a semiconductor with favorable ionization
coefficients; for this reason, Si, which exhibits a low k-value
of 0.04, is the material of choice for APDs that operate in
the visible and near-infrared (<900 nm). The absorption
0003-6951/2016/108(8)/081102/4/$30.00

length, d, which defined as the thickness required to achieve
90% internal quantum efficiency, can be expressed as
d  2=a, where a is the absorption coefficient. Since Si is an
indirect semiconductor, its absorption length increases from
approximately 5 lm at 600 nm to >15 lm at 900 nm.8,9 The
long absorption length results in long transit time and concomitant low bandwidth. While higher bandwidths are readily achieved with direct bandgap semiconductors such as
GaAs and InP, their excess noise factors are characterized by
high k values, 0.5. Recently, we have demonstrated growth
of high-quality AlxIn1xAsySb1y digital alloys latticematched to GaSb, for use in staircase APDs.10 Previous
lattice-matched growths of the material have achieved only
as much as a 30% aluminum fraction,11,12 although there has
been success growing material with up to 60% aluminum
fraction without lattice matching.13 We have achieved 70%
aluminum fractions as high as 80% by inserting an additional
AlAs layer into each digital alloy period, maintaining latticematching and thus low dark current. Moreover, direct
bandgap materials, such as Al0.7In0.3As0.3Sb0.7, typically exhibit absorption lengths 2 lm and, thus, higher bandwidths
than their Si counterparts. In this paper, we report the study
of a p-i-n structure APD fabricated from this material. These
APDs offer the advantages of III-V compound direct
bandgap APDs with regard to high absorption coefficient
and a lattice-matched material system that provides the flexibility to design complex structures to maximize performance
and enable operation in different spectral regions.10 In addition, these direct-bandgap APDs exhibit bulk excess noise
comparable to Si without taking advantage of the dead-space
effect in a thin multiplication region.14–17
The samples in this study were grown on n-type Tedoped GaSb (001) substrates by solid-source molecular
beam epitaxy (MBE). In order to bypass the wide miscibility
gap present in the AlxIn1xAsySb1y 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 shutter sequence: AlSb, AlAs, AlSb,
InSb, InAs, Sb. Further details of the growth and properties
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FIG. 1. Cross-sectional schematic of Al0.7In0.3As0.3Sb0.7 avalanche photodiode.
FIG. 3. Capacitance versus bias for a 100 lm-diameter Al0.7In0.3As0.3Sb0.7
avalanche photodiode.

of the resulting AlxIn1xAsySb1y digital alloy films are provided elsewhere.18–20
A cross-sectional schematic of the Al0.7In0.3As0.3Sb0.7
device is shown in Fig. 1. The structure includes a top GaSb
layer to reduce contact resistance, improve contact adhesion,
and protect the underlying Al-containing layers from oxidation. Circular mesas were defined using standard photolithography and wet-etched using an HCl:H2O2:H2O solution.
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. For some devices, the GaSb top contact layer was removed except under the p-type contacts, in
order to eliminate its parasitic optical absorption. AZ 300
was used to selectively etch the GaSb prior to SU-8 coating.
All measurements in this paper were carried out at room
temperature. Figure 2 shows the dark current, photocurrent, and
gain versus voltage for a 30 lm-diameter Al0.7In0.3As0.3Sb0.7
APD. The slight increase in photocurrent at low bias reflects
the increase in depletion width in the n layer. Capacitancevoltage measurements are shown in Fig. 3, indicating that
this layer is fully depleted at 3 V. From 3 V to 25 V, the

photocurrent is relatively independent of the bias voltage.
The photocurrent at 5 V bias was designated as the unity
gain point of the device. Breakdown occurred at a reverse
bias of 40.5 V, corresponding to a peak electric field of
530 kV/cm. The maximum stable gain reached before
breakdown was 95. The dark current was 4 nA (6  104
A/cm2) at 90% of breakdown. Total leakage current, ID , can
be expressed as: ID ¼ IDS þ IDB M, where IDB is the multiplied dark current and IDS is the surface leakage current.
Figure 4 shows the dark current versus gain for a 30 lm-diameter Al0.7In0.3As0.3Sb0.7 APD. The linear fit corresponds
to 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 bulk leakage,
further decreasing dark current values.
Figure 5 shows the external quantum efficiency versus
wavelength at 5 V bias. Measurements were taken using a
tungsten-halogen light source, a monochrometer, and a lockin amplifier. The measured data were referenced to a calibrated silicon photodiode. Collection of electrons created by
absorption in the GaSb top contact layer is poor due to surface
recombination and a barrier at the GaSb/Al0.7In0.3As0.3Sb0.7

FIG. 2. Dark current (solid line), photocurrent (dashed line), and gain (dotted line) versus bias for a 30 lm-diameter Al0.7In0.3As0.3Sb0.7 avalanche
photodiode.

FIG. 4. Dark current characteristics of 30 lm-diameter Al0.7In0.3As0.3Sb0.7
avalanche photodiode. The linear fit shows that the primary multiplied dark
current is 6 nA and the unmultiplied dark current, which is typically associated with surface leakage is 0.14 nA.
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FIG. 5. External quantum efficiency versus wavelength for devices with and
without the top GaSb layer.

interface. Prior to removing the GaSb layer, the quantum efficiency is above 30% for wavelengths between 630 nm and
960 nm, peaking at 46% at 715 nm. After its removal, the efficiency increases as much as 20% from 500 nm to 850 nm,
reaching 68% near 700 nm. We note that an anti-reflection
coating has not been applied to these devices. If the absorption
coefficient, which is not yet known for this material system, is
on the order of 104 cm1, since the air-semiconductor reflectivity without and antireflection coating is 30%, a maximum
efficiency of 70% would be expected, which is close to the
measured value. The long-wavelength cutoff is near 1.1 lm,
which is the same as that of Si. However, by reducing the Al
content in the AlxIn1xAsySb1y to 60% the cutoff can be
pushed to 1.2 lm, which will cover the 1.064 lm wavelength of Nd:YAG lasers.
Figure 6 shows the excess noise figure, as a function of
the multiplication gain, for both an Al0.7In0.3As0.3Sb0.7 APD
(䊏) and a Si APD (䉱) 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.6 The measured Al0.7In0.3As0.3Sb0.7 APD excess noise corresponds to an
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estimated k-value of 0.015 for the unity gain point at 5 V
bias and does not exceed 0.05 if the unity gain point is selected
up to 25 V, beyond which it is clear that there is sufficient
impact ionization as to create gain. This k-value is comparable
to the Si APD. For several decades, Si APDs have been the
standard for low noise and InP is the material most widely
deployed for telecommunications APDs. The k values for
commercial Si APDs fall between 0.02 and 0.06, while InP
typically exhibits k values between 0.45 and 0.52, as denoted
by the shaded region in Fig. 6. We note that these k values are
those of bulk material and that for high electric fields, as commonly found in the multiplication regions of separate multiplication and absorption APDs, the k values can be higher. 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 InAs21,22 and InSb.23 Those
materials are characterized by very low electron masses, large
hole masses, and large separation between the C 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 AlAsSb24 and
InAlAs.25 Furthermore, initial Monte Carlo studies indicate
that a high hole scattering rate may contribute further to the
low k-value.
In the expression for the shot noise of an APD, Eq. (1),
the excess noise factor is multiplied by the square of the gain.
It follows that small changes in the excess noise factor can
result in significantly higher noise. In addition to low noise,
lower k values are linked to high gain-bandwidth product. The
gain-bandwidth product results from the time required for the
avalanche process to build up and decay; the higher the gain,
the higher the associated time constant and, thus, the lower
the bandwidth. Emmons has shown that the frequencydependent gain can be approximated by the expression7
M0
Mð f Þ ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
1 þ ð 2pfM0 ksÞ2

FIG. 6. Measured excess noise factor versus gain for an Al0.7In0.3As0.3Sb0.7
APD (䊏) and a Si APD (䉱). The solid lines are plots of the excess noise factor using the local field model for k values from 0 to 0.5. Both the Si and
Al0.7In0.3As0.3Sb0.7 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.

(3)

where M0 is the dc gain and s is approximately (within a factor of 2) the carrier transit time across the multiplication
region. It follows from this expression that for M0 > 1=k the
frequency response is characterized by a constant gain
bandwidth-product that increases as k decreases. Given the
measured k values of the Al0.7In0.3As0.3Sb0.7 APDs reported
in this work, gain-bandwidth products comparable to those
of Si, which have been reported to be as high as 340 GHz,26
are anticipated.
We report an avalanche photodiode, fabricated from
Al0.7In0.3As0.3Sb0.7, with low excess noise corresponding to
k ¼ 0.015 and peak quantum efficiency of 68% at 735 nm.
Furthermore, since Al0.7In0.3As0.3Sb0.7 has a direct bandgap,
it has the potential for higher bandwidths than Si, which is
typically limited by transit times. The materials system
promises an innovative alternative to Si for detection across
the visible and near-infrared wavelengths.
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