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Abstract—We report avalanche photodiodes fabricated from
Alx In1 −x Asy Sb1 −y wafers grown by molecular beam epitaxy using the digital alloy technique. A series of Alx In1 −x Asy Sb1 −y
(x = 0.3, 0.4, 0.5, 0.6, 0.7) p-i-n structures have been grown on
GaSb substrate. Dark current, avalanche multiplication, excess
noise, and external quantum efficiencies have been characterized.
Very low excess noise, as characterized by k ∼ 0.01–0.05, has been
achieved.
Index Terms—Avalanche photodiodes, low noise, photodetectors.

I. INTRODUCTION
VALANCHE photodiodes (APDs) have been used for a
wide range of commercial, military, and research applications [1], [2]. Their primary advantage is that the APD gain
can provide higher signal-to-noise (SNR) ratio and hence better
sensitivity relative to p-i-n photodiodes. However, the origin of
the APD gain is impact ionization, a stochastic process that results in additional noise characterized by the excess noise factor,
F(M) which is given by [3]


1
(1)
F (M ) = k M  + (1 − k) 2 −
M 

A

where k is the ratio of the electron, α, and hole, β, ionization
coefficients [3]. 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 in a receiver module can be illustrated by the signal
to noise ratio, SNR,
SN R =

2
Iphoto

2qItotal F (M )Δf +

σ c2 i r c u i t
M2

(2)

where Iphoto is photo-generated current, Itotal is total current including photo-generated current, dark current, and background
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2
current, Δf is the bandwidth, and σcircuit
is the RMS noise
current of the following circuitry. 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.
Furthermore, Emmons has shown that the lower the k value, the
higher the gain bandwidth product of an APD [4].
In communication networks, APDs have been used in high
performance optical receivers that operate in the wavelength
range 1300 nm to 1600 nm [1]. In order to achieve high
gain-bandwidth product and high receiver sensitivity, the most
straightforward method is to select a semiconductor with favorable ionization coefficients ratio, i.e., low k value. This has motivated development of Si, InAlAs, and AlAsSb [5]–[8] photodiodes. Separate absorption, charge, and multiplication (SACM)
APDs that utilize a narrow-bandgap material for the absorption region and a wide-bandgap/low-noise material for the multiplication layer have demonstrated good gain-bandwidth and
noise performance at telecommunication wavelengths [1], [2].
Among SACM APDs, Ge on Si APDs have exhibited gainbandwidth product >300 GHz [9], [10] and very good receiver
sensitivity at telecommunication wavelengths [11], [12]. However, these APDs exhibit high dark current, which degrades the
SNR. InGaAs/InAlAs SACM APDs, in which the k value is
∼0.2, have achieved 235 GHz gain-bandwidth product and receiver sensitivity of –21 dBm at 25 Gb/s [13]. Another candidate,
InGaAs/AlGaAsSb SACM APDs, has achieved 424 GHz gainbandwidth product [14] but receiver sensitivities have not been
reported. Recently, the rapid growth of datacenter networks has
pushed the development of high-speed optical networks at shorthaul and metro distances. For these applications, one approach
that has been employed is wavelength-division multiplexing
(WDM) in the wavelength range 600 nm to 1000 nm; bit rates
of hundreds of Gb/s have been reported [15]–[17]. High-speed,
low-noise photodetectors that operate in this wavelength spectrum will be key components to pair with VCSEL light sources
[18], [19].
Recently, we have demonstrated growth of high-quality
Alx In1−x Asy Sb1−y digital alloys lattice-matched to GaSb, for
use in low excess noise staircase APDs and Al0.7 In0.3 As0.3 Sb0.7
p-i-n APDs [20]–[22]. In this paper, we extend our study to
p-i-n structure APDs fabricated from this material with Al
concentration of x = 0.3, 0.4, 0.5, 0.6, 0.7. These APDs offer the advantages of III-V-compound direct-bandgap materials
with high absorption coefficients and a lattice-matched material
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Fig. 1.

Cross-sectional schematic of Alx In1 −x Asy Sb1 −y p-i-n APDs.

Fig. 2. Dark currents versus
Alx In1 −x Asy Sb1 −y APDs.
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system that provides the flexibility to design complex structures
to maximize performance and enable operation in different spectral regions. In addition, these APDs exhibit bulk excess noise
comparable to Si without taking advantage of the dead-space
effect in a thin multiplication region [23].
II. EPITAXIAL CRYSTAL GROWTH AND DEVICE FABRICATION
Previously, the growth of Alx In1−x Asy Sb1−y has been restricted to Al concentrations x ࣘ 0.3 due primarily to the presence of a wide miscibility gap [24], [25]. Using the digital
alloy growth technique aluminum mole fractions as high as x
= 0.8 have recently been reported [26]. The epitaxial layers
were grown on n-type Te-doped GaSb (001) substrates by solidsource molecular beam epitaxy. In order to overcome the miscibility gap, these layers were grown as a digital alloy of the binary
monolayers by 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 of Alx In1−x Asy Sb1−y
digital alloy are provided in [26]. The bandgap energy corresponding to different Al concentration varies from 1.13 eV
(1.1 μm) to 0.56 eV (2.2 μm) for the x = 0.7 and x = 0.3
material, respectively [26].
A cross-sectional schematic of the Alx In1−x Asy Sb1−y
APDs is shown in Fig. 1. The basic structure is an
Alx In1−x Asy Sb1−y /GaSb p-i-n with a p-type GaSb top contact layer. The thickness of the unintentionally doped (UID)
high-field multiplication region was ∼890 nm. Circular mesas
were defined using standard photolithography and wet-etched
using an HCl:H2 O2 :H2 O 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 2000.5 coating was spun on immediately after the
surface etch. Titanium/gold contacts were deposited by e-beam
evaporation onto the mesa and the substrate. For some devices,
in order to eliminate absorption in the GaSb top contact layer
it was removed by selectively etching in AZ 300 MIF except
under the p-type contacts.
III. RESULTS AND DISCUSSION
Fig. 2 shows dark currents versus bias voltage for 100 μmdiameter Alx In1−x Asy Sb1−y APDs at 300 K. Since the bandgap

Fig. 3.

Dark currents versus devices diameters of Alx In1 −x Asy Sb1 −y APDs.

increases with Al concentration, higher Al concentration APDs
yield lower dark current. The anomalous shape of the dark
current of Al0.4 In0.6 As0.6 Sb0.4 indicates possible crystal defects introduced in the epitaxial growth process. To gain insight
into the sources of dark current, size-dependence measurements
were carried out with diameters from 50 mm to 250 mm. As
shown in Fig. 3, at relatively high bias, the dark currents increased quadratically with diameter for x = 0.3, 0.4, and 0.5,
which suggests that bulk mechanisms dominate. Meanwhile,
for the x = 0.6 and 0.7 samples there are quadratic and linear
components; the bulk and surface components are comparable.
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TABLE I
ACTIVATION ENERGIES EXTRACTED FROM TEMPERATURE-DEPENDENCE
STUDY OF ALx IN1 −x ASy SB1 −y APDS

Fig. 4.

Dark currents temperature studies of Alx In1 −x Asy Sb1 −y APDs.

Furthermore, the fit to the x = 0.7 is primarily linear, an indication that surface leakage surpasses the bulk component.
Temperature-dependence measurements from 130 K to 270 K
were carried out and the results are shown in Fig. 4. The model
that describes the temperature dependence of the dark current
follows (3) from [27]


Ea
(3)
IdN ∝ T 2 exp
kB T
where kB is the Boltzmann constant and Ea is the activation
energy. By fitting the data from Fig. 4 the activation energy
at certain bias can be extracted. Generally, the dark current is
characterized by more than one activation energy. Since APDs
are typically operated at relatively high bias, the associated high
bias activation energies are summarized in Table I. When the
temperature is lower than 200 K, a generation-recombination
center with low activation energy is the dominant level in all
the Alx In1−x Asy Sb1−y APDs. At higher temperatures, deeper
generation-recombination centers are observed.
Fig. 5 shows capacitance-voltage measurements on 100-mm
APDs. Since the i-regions of the APDs are unintentionally doped, the doping levels are determined by intrinsic
impurities. The capacitance of the Al0.3 In0.7 As0.7 Sb0.3 and
Al0.4 In0.6 As0.6 Sb0.4 APDs appears to decrease more steeply
than the others, which suggests that their intrinsic doping levels are relatively lower. The capacitances are independent of
voltage beyond −5 V, an indication that the UID layers are
fully depleted. It follows that the electric field is confined to the

Fig. 5. Measured capacitance
Alx In1 −x Asy Sb1 −y APDs.

versus

bias

of

100-μm-diameter

UID region. A 543-nm He-Ne CW laser was used to measure
photocurrent and extract multiplication gain. As shown in Fig.
6, once the bias voltage reaches −5 V, photocurrents remain
relatively flat until the field is sufficient for impact ionization.
Accordingly, the unity gain point was set at –5 V for all compositions. Multiplication gains versus bias voltage are shown in
Fig. 6. Gain as high as 100 was achieved in the x = 0.6 and 0.7
Alx In1−x Asy Sb1−y APDs. The gain in the x = 0.3, 0.4 and 0.5
APDs was lower and relatively unstable, due to the high dark
current. The temperature-dependence of the gain was measured
in the range from 80 K to 280 K with 50-K steps (Fig. 7). As temperature decreases, the bandgap increases, which increases the
threshold energy for avalanche multiplication. However, phonon
scattering also decreases with temperature. Similar to most materials, higher avalanche gains were achieved at lower temperature for a given bias voltage and the breakdown points shifted
to lower bias.
The excess noise figure F(M), as a function of the multiplication gain, can be derived by measuring excess noise power
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Fig. 8. Excess noise factor versus multiplication gain. The , , and  symbols represent the excess noise factor of x = 0.7, 0.6 and 0.5 Alx In1 −x Asy Sb1 −y
APDs, respectively. Typical excess noise of InP, InAlAs and Si are shown by
shaded region.

Fig. 6. Avalanche multiplication
Alx In1 −x Asy Sb1 −y APDs.

and

measured

photocurrents

of

Fig. 9. External quantum efficiency of Alx In1 −x Asy Sb1 −y without GaSb
top layer. All measurements were carried out with 200-μm APDs at 300 K.

Fig. 7. Multiplication gain versus bias of
Alx In1 −x Asy Sb1 −y APDs at different temperature.

100-μm-diameter

of

spectral density ϕ, which can be expressed as [3]
ϕ

2q l0 (M )2 F (M )

(4)

The excess noise was measured with an HP 8970 noise figure
meter and a 543-nm He-Ne CW laser. Fig. 8 shows F(M) versus
gain. The solid lines are plots of the excess noise for k-values

from 0 to 0.6 using the local-field model [3]. The k values for
commercial Si APDs fall between 0.02 and 0.06, while InP
typically exhibits k values between 0.4 and 0.5, while that for
InAlAs is in the range 0.2 and 0.3, as denoted by the shaded
regions in Fig. 8. The x = 0.5, 0.6, and 0.7 APDs have k values as
low as 0.01, which is comparable to that of Si APDs. Preliminary
results suggest that the low hole ionization coefficient, b, can be
attributed to high phonon scattering rates and the heavy effective
hole mass [21], [22]. High dark current prevented measurement
of the excess noise of the x = 0.3, 0.4 APDs.
Fig. 9 shows the external quantum efficiencies versus wavelength at –5 V bias. Measurements were taken using a tungstenhalogen light source, a monochrometer, and a lock-in amplifier.
The photocurrents were referenced to calibrated silicon and InGaAs photodiodes. The collection of electrons created by absorption in the GaSb top contact layer is poor, especially for
shorter wavelengths, due to surface recombination and a barrier at the GaSb/Alx In1−x Asy Sb1−y interface. Therefore, the
GaSb top contact layer was removed using AZ 300 MIF except
under the p-type contacts. Note that these devices do not have
anti-reflection coatings and that the absorption thickness is only
∼1 μm. As illustrated in Fig. 9, the Alx In1−x Asy Sb1−y materials have the potential for operation across a very wide wavelength range, which includes the spectral regions used for shortand long-wavelength optical telecommunication networks [28].
By selecting suitable Al concentration or combining them into
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an SACM APD [22], one can build high responsivity APDs for
optical communication and sensing applications.
IV. CONCLUSION
We report avalanche photodiodes, fabricated from
Alx In1−x Asy Sb1−y , digital alloy with Al concentration from
x = 0.3 to x = 0.7 that exhibit low excess noise corresponding to k = 0.01 ∼ 0.05. Peak quantum efficiencies of ࣙ 50%
have been achieved at various wavelengths with different Al
concentration without a dedicated anti-reflection coating. The
temperature-dependence of the dark current and multiplication
gain have been studied.
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