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Abstract—We report avalanche photodiodes (APDs) fabricated
from high-aluminum-content Alx In1 −x Asy Sb1 −y lattice matched
to GaSb that is grown within the miscibility gap using a digital
alloy approach. The material was initially characterized through
a series of Alx In1 −x Asy Sb1 −y (x = 0.3, 0.4, 0.5, 0.6, 0.7) p-i-n
structures. In order to achieve operation at telecommunications
wavelengths, an Alx In1 −x Asy Sb1 −y separate absorption, charge,
and multiplication APD has been developed. Very low excess noise,
as characterized by k ∼0.01−0.05, has been achieved.
Index Terms—InGaAs/InP, silicon, photodiode, photodetector.

I. INTRODUCTION
VER the past five decades avalanche photodiodes (APDs)
have been utilized for a wide range of commercial, military, and research applications. Optical fiber communications
has been one of the primary drivers for recent advances in
APD performance, particularly structures and materials designed for low noise and high gain-bandwidth product in the
short-wavelength infrared spectrum. The two most common
photodetectors for optical receivers are p-i-n photodiodes and
APDs. P-i-n photodiodes have the advantages of low bias, uncomplicated bias circuits without temperature control, and high
reliability. APDs on the other hand, operate at 10’s of volts bias,
often require temperature stabilization, and are more susceptible
to failure than p-i-n’s. These disadvantages are offset by the potential for APDs to achieve higher receiver sensitivity, owing to
their internal gain. The primary source of noise in a p-i-n photodiode is the shot noise of the dark and signal currents. This is typically less than that of the following circuitry. The shot noise of
an APD is multiplied by the square of the average gain since the
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current increases linearly with gain; it can be expressed as [1].
2 
ishot = 2q(Iphoto + Idar k )M 2 F (M )Δf
(1)
where Iphoto and Idark are the photocurrent and dark current,
respectively <M> is the average value of the gain, and Δf is
the bandwidth. Of particular importance is the excess noise
factor, F(M), which arises from the random nature of impact
ionization. Not every carrier injected into the high-electric-field
multiplication region gives rise to the same number of secondary ionizations. The resulting variation in gain is a source
of additional noise represented by the excess noise factor,
F (M ) = M 2 /M 2 . For bulk multiplication layers where
non-local effects can be ignored, the excess noise factor is
given by F (M ) = kM + (1 − k) [2 − 1/M ], where k is the
ratio of the electron, α, and hole, β, ionization coefficients such
that by convention k = β /α if β < α and k = α /β if β > α
[1]. 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,
SN R =

I2
2qIF (M )Δf +

σ2
M2

(2)

2
where σcir
cu it is the RMS noise current of the following
amplifier. It is clear that until the gain becomes high enough
for the excess noise to significantly affect the total noise, the
APD gain effectively suppresses the amplifier noise. Thus, low
excess noise, i.e., low k-values, are highly desirable in that they
ultimately permit higher gain values and thus higher receiver
sensitivity. It should be noted that low k values also yield high
gain-bandwidth products [2].
First-generation optical fiber communication systems, operated in the wavelength range 800 nm to 900 nm, and utilized
Si photodiodes [3] Si APDs exhibit very low excess noise, k
∼0.02 [4], [5] and gain-bandwidth products >340 GHz [6].The
long-wavelength cutoff of Si is ∼1.0 μm and the evolution of optical fiber communications to wavelengths in the range 1300 nm
to 1600 nm lead to the development of InP-based APDs [7],
[8].The highest receiver sensitivities were achieved with separate absorption, charge, and multiplication (SACM) structures
consisting of an In0.53 Ga0.47 As absorption region and an InP
multiplication layer separated by an InP charge region to control the electric field profile [9]–[11]. The performance of these

1077-260X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

3800407

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 24, NO. 2, MARCH/APRIL 2018

APDs was limited by their relatively high k of ∼0.45 and concomitant low gain-bandwidth product (<100 GHz). Lower excess noise has been achieved by designing thinner multiplication regions to take advantage of non-local effects and using
In0.52 Al0.48 As multiplication layers [12]–[14] Using this approach, recently, M. Nada et al., have reported AlInAs/InGaAs
APDs, for which the k value is ∼0.2; these APDs achieved
235 GHz gain-bandwidth product and receiver sensitivity of
−21 dBm at 25 Gb/s and 10−12 bit error rate [15] Another approach has been to combine a Ge absorption region with a Si
multiplication layer in an SACM APD [6], [16]–[18]. In optical receivers, these APDs have achieved sensitivities as high
as those of the best III-V compound APDs but not superior, as
would have been expected from their low excess noise. This is
due to the high dark current, that arises from the lattice mismatch
between Ge and Si, which contributes enough to the noise to
offset the lower excess noise factor. Recently, we have demonstrated APDs fabricated from Alx In1−x Asy Sb1−y digital alloys
lattice-matched to GaSb [19], [20]. These APDs offer the advantages of III-V-compound direct-bandgap materials with high absorption coefficients and a lattice-matched material 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. This paper reviews the design and performance of homojunction Alx In1−x Asy Sb1−y APDs with x = 0.3, 0.4, 0.5, 0.6,
0.7 and SACM structures that operate at telecomm wavelengths
and exhibit excess noise characterized by k = 0.01.
II. CRYSTAL GROWTH AND FABRICATION
Despite very recent progress in the growth of random alloys
[21], lattice-matched Alx In1−x Asy Sb1−y on GaSb has seen only
limited device application, due to the presence of a wide miscibility gap [22]–[24]. However, the groundbreaking work by
Vaughn and co-workers [25]–[27] showed that AlInAsSb could
be grown within the miscibility gap as a digital alloy of the constituent binaries, AlAs, AlSb, InAs, and InSb. As described in
Ref. [28], we recently extended this method to cover the entire
direct bandgap range of compositions using molecular beam epitaxy. This earlier work focused on spanning the compositional
range with a fixed digital alloy period of 10 monolayers (ML);
however, excellent material quality can also be achieved over a
wide range of period thicknesses. Illustrative atomic force microscopy (AFM), bright-field transmission electron microscopy
(TEM), and (224) X-ray diffraction (XRD) reciprocal space
maps are shown in Fig. 1 for 300 nm-thick Al0.5 In0.5 As0.5 Sb0.5
films grown with a 20 ML period. The RMS surface roughness
was ∼0.25 nm, consistent with the smooth and well-defined interfaces observed with TEM. Indeed, distinct superlattice fringes
were observed both in ω-2θ XRD scans, as well as under reciprocal space mapping around the (224) GaSb reflection, consistent
with excellent structural quality.
III. AlInAsSb/GaSb APDs
A cross-sectional schematic of the Alx In1−x Asy Sb1−y /GaSb
APDs is shown in Fig. 2. The growth sequence on the
n+ GaSb substrate consists of a 200 nm-thick n-type

Fig. 1. Representative structural characteristics of AlInAsSb digital alloys
illustrating the smooth morphology and well-defined interfaces. (a) Large-area
atomic force microscopy, (b) bright-field transmission electron microscopy, and
(c) (224) reciprocal space map for a 300 nm-thick Al0 . 5 In0 . 5 As0 . 5 Sb0 . 5 film.
RMS roughness was ∼0.25 nm.

(∼ 1018 cm−3 ) GaSb layer, the unintentionally doped Alx In1−x
Asy Sb1−y multiplication layer, 100 nm p -type (2 × 1018 cm−3 )
Alx In1−x Asy Sb1−y , and a thin (∼30 nm) GaSb p-contact layer.
The thickness of the unintentionally doped high-field multiplication region was 890 nm.
In the following, the wafers with x = 0.7 to 0.3 will simply
be referred by the Al column III percentage, i.e., 70% to 30%.
Fig. 3 shows dark currents versus bias voltage for 100 μmdiameter Alx In1−x Asy Sb1−y /GaSb APDs at 300 K. The wider
bandgap 70% and 60% samples exhibit the lowest dark current
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TABLE I
ACTIVATION ENERGIES EXTRACTED FROM TEMPERATURE-DEPENDENCE
STUDY OF ALx IN1 −x ASy SB1 −y /GASB APDS

Fig. 2.

Cross-sectional schematic of Alx In1 −x Asy Sb1 −y / GaSb p-i-n APDs.
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Fig. 3. Dark currents versus bias voltage of 50-μm-diameter Alx In1 −x Asy
Sb1 −y /GaSb APDs.
Fig. 4. Avalanche multiplication and measured photocurrents of Alx In1 −x
Asy Sb1 −y /GaSb APDs.

with well-defined breakdown voltages. Measurements of the
dark current versus device diameter indicate that for the 60%
devices the bulk and surface dark currents are comparable and
that surface leakage dominates the 70% devices. The 30% and
50% devices exhibit much higher dark current that appears to
originate in the bulk. This may reflect a combination of lower
bandgap and poorer crystalline quality.
Temperature-dependence measurements were carried out
from 130 K to 270 K. The temperature variation of the dark
current can be expressed as [29].


−Ea
2
IdN ∝ T exp
(3)
kB T
where kB is the Boltzmann constant and Ea is the activation
energy. By fitting the measured dark current versus temperature,
the activation energies for the Alx In1−x Asy Sb1−y /GaSb wafers
were estimated. In general, the dark current is characterized by
more than one activation energy. However, since the APDs are
typically operated at relatively high bias, the associated highbias 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 /GaSb APDs. At higher temperatures,
deeper generation-recombination centers are observed.
Capacitance-voltage measurements showed that the capacitances were relatively independent of voltage beyond −5 V, an
indication that the unintentionally doped layers are fully depleted. It follows that the electric field is confined to that layer.
A 543-nm He-Ne CW laser was used to measure photocurrent
and extract multiplication gain. Once the bias voltage reaches
−5 V, the 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. 4. Gain as high as 100 was
achieved in the x = 0.6 and 0.7 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.
In Fig. 5 external quantum efficiencies at – 5 V bias are plotted
versus wavelength. 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
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Fig. 5. External quantum efficiency of Alx In1 −x Asy Sb1 −y /GaSb without
GaSb top layer. All measurements were carried out with 200-μm diameter
APDs at 300 K.

Fig. 7. Schematic cross section
Alx In1 −x Asy Sb1 −y SACM APD.

and

electric

field

profile

of

dark current prevented measurement of the excess noise of the
x = 0.3 0.4 APDs.
IV. AlInAsSb SACM APDs

Fig. 6. 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 /GaSb APDs, respectively. Typical excess noise of InP,
InAlAs and Si are shown by shaded region.

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. The long-wavelength cutoff shifts
with decreasing bandgap from ∼1000 nm to >1600 nm as the
Al fraction decreases from 70% to 30%. Note that these devices
do not have anti-reflection coating and the absorption region is
only ∼1 μm thick.
The excess noise was measured with an HP 8970 noise
figure meter and a 543-nm He-Ne CW laser. Fig. 6 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 [1]. The k
values for commercial Si APDs fall between 0.02 and 0.06; InP
typically exhibits k values between 0.4 and 0.5; and InAlAs is
in the range 0.2 and 0.3, as denoted by the shaded regions in
Fig. 6. 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. The excess
noise was only measured to gain values up to ∼20. For higher
gain the measurement apparatus became unstable owing to its
dark current limit. Preliminary results suggest that the low hole
ionization coefficient, β, can be attributed to high phonon scattering rates and the heavy effective hole mass [19], [20]. High

Figs. 3 and 5 illustrate the difficulty in fabricating homojunction Alx In1−x Asy Sb1−y APDs that operate at telecommunication wavelengths. Only the 30% and 40% samples exhibit photoresponse at 1550 nm and their dark current obviates operation
at the high voltages required for significant impact ionization.
The solution is to use a lower Al content layer for absorption and
60% or 70% Al for the multiplication region. Further, given the
high dark current of the low Al material a charge layer is needed
to maintain high field in the multiplication layer and low field in
the absorber is beneficial. Fig. 7 is a cross sectional schematic
of the Al0.7 In0.3 As0.3 Sb0.7 /Al0.4 In0.6 As0.3 Sb0.7 SACM APD.
In order to reduce charge accumulation at the heterojunction interfaces, 100 nm-thick compositionally graded layers
(x = 0.4 to 0.7) are positioned on each side of the absorption
layer.
A Monte-Carlo simulation, based on that in Refs. [30], [31],
was employed to study the multiplication characteristics. The
impact ionization rate, Pii , was calculated using the Keldysh
formula [32].

0, 
if E < Eth
r
(4)
Pii =
E
Cii E t h − 1 , if E ≥ Eth
The phonon scattering rate, Cii , and threshold energy, Eth ,
are treated as fitting parameters. Some important model parameters are listed in Table II.
The dark current, photocurrent, and gain versus bias voltage
of a 50 μm-diameter SACM APD are shown in Fig. 8. The dark
current at 95% breakdown is ∼120 nA, which is approximately
100x lower than that of Ge on Si APDs [6], [16]–[18] and comparable to that of AlInAs/InGaAs APDs [15], [33], [34]. The
gain is plotted on the right vertical axis. Gain values as high as 50
have been observed. The measured gain is well fit by the Monte
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TABLE II
PARAMETERS USED IN MONTE-CARLO SIMULATION
Simulation Parameters
effective mass (m ∗ /m )
Ci i
r
Et h
Static dielectric constant
High frequency dielectric constant
Acoustic wave velocity (m/s)
Acoustic phonon energy (eV)
Optical phonon energy (eV)
Intervalley phonon energy (eV)
0

Electron

Hole

0.071
8.0 × 10 1 4
3
2
15.5
13.7
2950
0.011
0.024
0.013

0.35
8.0 × 10 1 2
3
10

Fig. 9. External quantum efficiency and responsivity versus wavelength of a
150-μm-diameter Alx In1 −x Asy Sb1 −y SACM APD at 300 K.

Fig. 8. Dark current, photocurrent, and measured and simulated (◦) gain versus
reverse bias of a 50-μm-diameter Alx In1 −x Asy Sb1 −y SACM APD at 300 K.

Carlo simulation. The step in the photocurrent near −38 V occurs when the edge of the depletion region reaches the absorbing
layer, which is referred to as punch-through. The dark current
scales with perimeter, which indicates that surface leakage dominates the dark current. Using the temperature-dependence of
the dark current in Eq. (3) the activation energy was found to be
0.29 Ev ± 0.01 eV, which is approximately half the band-gap of
Al0.4 In0.6 As0.6 Sb0.4 . This indicates that the dark current is primarily generated in the absorption layer through mid-bandgap
states.
Owing to the high field in the multiplication layer, there is
a small level of impact ionization at punch-through. By fitting
the excess noise using the algorithm reported by H.-D. Liu et
al. [35] the gain at punch-through was determined to be 1.7.
This fit was confirmed by comparing responsivities with an
Al0.4 In0.6 As0.6 Sb0.4 control p-i-n photodiode, which has exactly the same 1000 nm absorption layer as the SACM APDs.
This is also consistent with measurements of the gain in an
Al0.7 In0.3 As0.3 Sb0.7 homojunction APD at the same electric
field as that of the SACM APD at punch-through [12]. As shown
in Fig. 9, the optical cutoff wavelength is >1.6 μm. Note that the
absorption layer is only 1,000 nm thick. Higher quantum efficiency, particularly at longer wavelengths, can be achieved with
thicker absorption layers and by adding an anti-reflection coating to the top surface. Based on measurements of the absorption
in 40% AlInAsSb homojunctions, we estimate the absorption
coefficient at 1.55 μm to be ∼ 0.6 x 104 cm−1 . We a very good

Fig. 10. Measured excess noise factor versus gain a 50-μm-diameter
Alx In1 −x Asy Sb1 −y SACM APD () and a comercial Si APD (). The dashed
lines are plots of the excess noise factor using the local field model for k values.

anti-reflection coating the quantum efficiency at 1.55 μm could
exceed 80% with a 3 μm-thick absorption layer.
Fig. 10 shows the excess noise fig, F(M), versus the multiplication gain, for both the Alx In1−x Asy Sb1−y SACM APD
() and a commercial Si APD (). The solid lines are plots of
the excess noise for k-values from 0 to 0.6 using the local-field
model. The measured Alx In1−x Asy Sb1−y SACM APD excess
noise corresponds to an estimated k-value of 0.01, which is
comparable to or less than that of Si [36], [37].
V. CONCLUSION
We have shown that high-performance avalanche photodiodes can be fabricated from the Alx In1−x Asy Sb1−y material
system. Homojunction APDs having Al concentration from
x = 0.5 to x = 0.7 exhibit low excess noise corresponding to
k = 0.01 ∼ 0.05 with peak quantum efficiencies of ࣙ 50% for
absorption layers only 1 μm thick. The long-wavelength absorption of the low Al content quaternary was combined with the
excellent avalanche characteristics of 70% material in an SACM
APD. Operation was achieved in the telecommunications spectral window with excess noise characterized by k = 0.01. The
Alx In1−x Asy Sb1−y materials have the potential for operation
across a very wide wavelength range. By selecting suitable Al
concentration or combining them one can build high performance photodetectors for a wide range of applications.
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