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ABSTRACT

An extremely low noise Separate Absorption and Multiplication Avalanche Photodiode (SAM-APD), consisting of a GaAs0.52Sb0.48
absorption region and an Al0.85Ga0.15As0.56Sb0.44 avalanche region, is reported. The device incorporated an appropriate doping profile to
suppress tunneling current from the absorption region, achieving a large avalanche gain, �130 at room temperature. It exhibits extremely
low excess noise factors of 1.52 and 2.48 at the gain of 10 and 20, respectively. At the gain of 20, our measured excess noise factor of 2.48 is
more than three times lower than that in the commercial InGaAs/InP SAM-APD. These results are corroborated by a Simple Monte Carlo
simulation. Our results demonstrate the potential of low excess noise performance from GaAs0.52Sb0.48/Al0.85Ga0.15As0.56Sb0.44 avalanche
photodiodes.
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Avalanche photodiodes (APDs) are widely used in optical
receivers for high-speed optical fiber-based communication and light
detection and ranging (LIDAR) at eye-safe wavelengths. When oper-
ated in the Geiger mode, they can be used in single photon detection,
such as quantum key distribution and quantum imaging. The signal-
to-noise ratio (SNR) in an APD-preamplifier module can be enhanced
by the internal avalanche gain (M) of APDs if the dominant noise
source is the preamplifier. A significant increase in SNR, relative to pin
photodiodes, can be achieved if the randomness in the impact ioniza-
tion process is small. This randomness causes a fluctuation of ava-
lanche gain around a mean value, M, leading to an additional noise,
described by the excess noise factor, F(M). The SNR of APDs can be
expressed as

SNR ¼
Iph

2q Iph þ Idð ÞF Mð ÞBþ r2=M2
;

where q is the electron charge, Iph is the photocurrent, Id is the dark
current, B is the bandwidth, and r2 is the RMS noise of the amplifier
circuit. This equation is appropriate if Iph and Id are amplified by the
same avalanche gain value. The square of the amplifier noise current is
reduced by M2, leading to a significantly increased SNR provided that

F increases slowly with M. Therefore, F(M) characteristics are one of
the key performance parameters for APDs.

The work from McIntyre shows that F(M) characteristics depend
on the semiconductor’s ionization coefficients.1 It is also known that
the dead space effect in thin avalanche regions reduces the excess noise
factor.2 The ionization coefficients, denoted by a for electrons and b

for holes, are strongly dependent on the electric field and device tem-
perature. To minimize F(M), a semiconductor with a small ionization
coefficient ratio, k (a/b if b > a or b/a if a > b) should be chosen, and
the ionization process should be dominated by the more readily ioniz-
ing carrier type. Si shows extremely low k and is widely used for light
detection up to �900nm wavelength.3 For light detection from 1310
to 1550nm, the In0.53Ga0.47As absorption region is combined with an
InP (or In0.52Al0.48As) avalanche region in a Separate Absorption and
Multiplication Avalanche Photodiodes (SAM-APDs). InP (Ref. 4) and
In0.52Al0.48As (Ref. 5) exhibit k approaching unity under high electric
fields needed for APD operation; hence, they have worse F(M) charac-
teristics than Si. AlAs0.56Sb0.44 (lattice matched to InP substrates) shows
extremely low excess noise with effective k� 0.005 to 0.05 (Refs. 6
and 7) and hence is a promising replacement avalanche material.

More recently, Al0.85Ga0.15As0.56Sb0.44 (refer to AlGaAsSb hereaf-
ter and lattice matched to InP substrates) exhibits k of 0.05–0.08 in
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170nm thickness APDs8 and F< 2 for gains up to 25 in a 600nm
thickness APD.9 A low noise InGaAs/AlGaAsSb SAM-APD has also
been reported in Ref. 10. Good excess noise performance was also
measured in a 1000nm AlGaAsSb APD.11 Similar impressive excess
noise data have been reported using AlInAsSb (lattice match to GaSb),
with an effective k of 0.01–0.05.12,13

We reported a SAM-APD consisting of GaAs0.52Sb0.48 (refer to
GaAsSb hereafter) absorption region and AlGaAsSb avalanche region
grown lattice matched to an InP substrate.14 The SAM-APD in Ref. 14
exhibited a cutoff wavelength of �1.7lm, and an extremely low
temperature-coefficient of breakdown voltage, Cbd� 4.316 0.33mV/K.
However, the doping profile was not sufficiently optimized to suppress
band-to-band tunneling current from the GaAsSb absorption region,
limiting the usable avalanche gain from the APD performance at high
reverse biases. In this paper, we demonstrate a GaAsSb/AlGaAsSb
SAM-APD with low tunneling current, high usable avalanche gain, and
extremely low excess noise factors.

Compared to the wafer from our previous work,14 the wafer for
this work had increased thickness and doping density for the charge
sheet layer. The wafer was grown on a conducting InP (100) substrate
by molecular beam epitaxy with Be and Si as the p- and n-type dop-
ants, respectively. An In0.53Ga0.47As layer doped to 5� 1018 cm�3 was
grown on the InP substrate as an nþþ contact layer. The wafer’s nþ

buffer, avalanche, and charge sheet layers were all AlGaAsSb. GaAsSb
was used in the absorption, pþ buffer, and pþþ contact layers.
Bandgap grading between GaAsSb and AlGaAsSb was implemented
using three layers of Al1�xGaxAs0.56Sb0.44 with Ga composition of 0.2,
0.5, and 0.8. Using standard photolithography techniques and wet
chemical etching (with a phosphoric acid-based solution), circular
mesa diodes with optical windows were fabricated from the wafer. The
diodes’ annular top contacts and back contacts were formed by Ti/Au
(20/200nm). The diodes had a radius of 200, 100, 50, or 25lm. A neg-
ative photoresist (SU-8) was used to passivate the mesa sidewalls.

Device characterization was carried out at room temperature,
with multiple devices measured for each type of measurement.
Current–voltage (I–V) and capacitance–voltage (C–V) characteristics
were measured using a Keithley 236 source measure unit and an
HP4275 LCR meter, respectively. A 1D Poisson solver was used to fit
the experimental C–V characteristics, by adjusting the thickness and
doping density of layers from the pþ buffer to the nþ buffer (a total of
six layers). The C–V fitting assumed a built-in voltage of 1.2V, as well
as dielectric constants of 14.04 and 11.41 for GaAsSb and AlGaAsSb,
respectively. These dielectric constant values were obtained by linear
interpolation using data of AlAs, GaAs, AlSb, and GaSb.15

For avalanche gain measurement, light from a modulated
1550nm wavelength laser was focused on the optical window of the
APDs. A lock-in amplifier facilitated phase-sensitive measurement of
the photocurrent avoiding the influence of the devices’ dark current. A
commercial InGaAs photodiode with a known responsivity was used
to measure the laser power, yielding responsivity values. Phase-
sensitive excess noise measurements were carried out at room temper-
ature using a setup reported in Ref. 16. Optical signals came from a
continuous-wave 940nm wavelength LED that was modulated by a
mechanical chopper. Since the 940nm wavelength light would not be
absorbed by the AlGaAsSb charge sheet and avalanche region, a pure
electron injection condition was achieved. The excess noise data were
obtained from 100lm radius devices, which have sufficiently large

optical windows to avoid unintentional optical injection at the device
edges.

Forward and reverse dark I–V data are shown as current density
(current normalized to device area) in Fig. 1. Under forward biases,
the devices exhibit diode-like characteristics with an ideality factor of
1.8. Under reverse biases, the dark current densities increase abruptly
at �48V. The dark current densities from the three sizes show dis-
agreement up to �48V, indicating that the surface leakage current
dominates before �48V. Photocurrent density (under the 1550 nm
wavelength laser illumination) from a 100lm radius device is also
included in Fig. 1. There is a step increase at �14V, followed by a
gradual increase up to �48V and finally a steep rise at �48V. The
step increase at �14V is the punch-through voltage of the APD when
the electric field extends to the GaAsSb absorption region and signifi-
cantly increases the collection efficiency of photogenerated carriers.
The punch-through voltage can be observed from the experimental
C–V characteristics in Fig. 2, which exhibits a steep decrease in capaci-
tance at �14V, also plots the C–V fitting (from the 1D Poisson
solver), and the associated wafer details. They confirm that the charge
sheet in the wafer of this work has a higher doping density and a
greater thickness than the previous wafer.14

Electric field profiles at selected reverse bias voltages are com-
pared in Fig. 3(a), which also includes those of the previous APD wafer
from Ref. 14 for comparison. The previous and current APD wafers
with deduced charge sheet layer thicknesses of 62 and 125nm are
now referred to as APD62nm and APD125nm, respectively. APD125nm

achieves a lower electric field in the GaAsSb absorption region and a
higher electric field in the AlGaAsSb avalanche region, suppressing
band-to-band tunneling current from the GaAsSb absorption region.
At �48V, the electric field strength in the GaAsSb absorption region
is�250 kV/cm in APD125nm compared to 350 kV/cm in APD62nm. At
the same reverse bias, the electric field strength in the avalanche region
of APD125nm is much higher than that of APD62nm, ensuring high
avalanche gains in APD125nm.

The higher electric field in the AlGaAsSb region of APD125nm

could lead to a non-unity gain at a punch-through voltage, which
must be accounted for to ensure accurate M(V) and F(M) data.

FIG. 1. Room temperature dark current density of 200, 100, and 50 lm radius devi-
ces as well as photocurrent density of 100lm radius device (left axis). Room tem-
perature mean avalanche gain data with standard deviation from six 100lm radius
devices are also shown (right axis).
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To obtain avalanche gain at the punch-through voltage for APD125nm,
responsivity at 1550nm wavelength was obtained from six devices
from each wafer using a fixed optical power of 12lW. The responsiv-
ity data vs reverse bias voltage for both wafers are presented as mean
value with standard deviations in Fig. 4. APD62nm shows a mean
responsivity of 0.3866 0.007 A/W at its punch-through voltage of
�6.5V, which remains relatively constant between �6.5 and �10V,
indicating that its gain is unity at �6.5V. APD125nm shows a higher
mean responsivity of 0.5036 0.009 A/W at �14V, which continues

to increase with voltage, confirming that its gain is non-unity at its
punch-through voltage.

Both wafers have similar absorption region thicknesses, which
were confirmed by tracing the aluminum atoms using secondary ion
mass spectroscopy, as shown in Fig. 3(b). To understand the differ-
ences in the responsivity values in both wafers, we analyzed the electric
field profile to determine whether the gain in APD125nm is greater
than unity at �14V. From Fig. 3(a), the electric field in the 200nm
thick avalanche region in APD125nm varies from 420 to 514 kV/cm at
�14V. From our previous work in Ref. 17, we showed that an ava-
lanche region of 200nm has a unity gain at the electric field below
300 kV/cm. We have, therefore, used a Simple Monte Carlo (SMC)
model that was optimized using an extensive set of experimentally
measured gain and excess noise17 to predict the avalanche gain from
the AlGaAsSb charge sheet and the avalanche region in APD125nm.
Using the electric field profile at �14V from Fig. 3(a), the model pre-
dicts a gain of 1.29. In APD62nm, the peak electric field is 286 kV/cm at
–6.5V, such that it is reasonable to assume its gain is unity. This unity
gain reference is corroborated by the unchanged responsivity value
shortly after the punch-through voltage at �6.5V in APD62nm in
Fig. 4. Hence, the avalanche gain at the punch-through voltage of
APD125nm is estimated by using the ratio of responsivity values of
APD125nm to APD62nm at a punch-through voltage. This yielded a
value of 1.30, which is in excellent agreement with the predicted value,
giving us a high confidence level for extracting our avalanche gain val-
ues. The gain of 1.30 at�14V was used to obtain APD125nm gain data
shown in Fig. 1. APD125nm produces a mean gain of �19 at �48V
and�130 at�49.6V.

Having obtained accurate avalanche gain values, we performed
the excess noise measurements. The data of avalanche gain from
940 nm wavelength excess noise measurements and 1550nm wave-
length avalanche gain are distinguishable, as shown in Fig. 4 (right
axis). This is expected since both wavelengths will produce pure elec-
tron injection in this APD. The experimental excess noise factor vs
gain characteristics is shown in Fig. 5. Reported excess noise of Si,3

InGaAs/InP, AlInAsSb,12 and AlGaAsSb9,11 are included for

FIG. 2. Room temperature measured mean capacitance (from three 100lm radius
devices) and fitting vs reverse bias voltage.

FIG. 3. (a) Estimated electric field profile of APD62 nm at �6.5 (punch-through volt-
age), �40, and �48 V, and APD125 nm at �14 (punch-through voltage), �40, and
�48 V; (b) aluminum intensity of APD62 nm and APD125 nm from secondary ion mass
spectrometry data.

FIG. 4. Mean responsivity at 1550 nm wavelength with standard deviation from
APD125 nm and APD62 nm (left axis). Avalanche gains for APD125 nm from multiple
devices under 1550 and 940 nm wavelength illumination (right axis). Avalanche
gains simulated by the Simple Monte Carlo model (short-dashed line) agree with
the experimental results.
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comparison. The data of this work are comparable to the low excess
noise data of Si and AlInAsSb (grown on GaSb) as well as earlier
reports of AlGaAsSb.9,11 Compared to a commercial InGaAs/InP
SAM-APD, our GaAsSb/AlGaAsSb SAM-APD data demonstrate sig-
nificant improvement. For example, at M¼ 10, we obtained F¼ 1.52
compared to F¼ 4.8 in InGaAs/InP SAM-APD. The improvement is
more significant at higher gains. At M¼ 20, our APD exhibits
F¼ 2.48, which is three times smaller than the 8.0 measured in
InGaAs/InP SAM-APD.

The extremely low excess noise performance in APD125nm was
modeled using the SMC model19 and the AlGaAsSb SMC model has
been validated and the parameter set has been published in Ref. 17.
Using the SMC model is essential for this work because of the non-
uniform electric field profiles in the AlGaAsSb charge sheet and ava-
lanche region. The simulation uses the deduced electric field profiles in
the charge sheet and avalanche region shown in Fig. 3(a). The simu-
lated avalanche gain and excess noise results are in good agreement
with the experimental results, as shown in Figs. 4 and 5, respectively.

For completeness, we also measured the excess noise factor in
APD62nm. Due to the presence of band-to-band tunneling current near
the breakdown voltage,14 the excess noise factor was measured up to an
avalanche gain of 9.8. To avoid significant overlap with other plots in
the graph, we have chosen to plot data at four selected gain values of
M¼ 2.5, 4.9, 7.6, and 9.8. The measured excess noise is slightly higher,
reaching F� 2.7 at M¼ 9.8. We attributed this higher excess noise to
the onset of avalanche multiplication from the GaAsSb absorption
region which has an electric field of more than 300kV/cm whenM¼ 3.
At these high fields, the feedback holes from the AlGaAsSb avalanche
region could initiate unwanted impact ionization events in the GaAsSb
absorption region that led to the increased excess noise factor. A more
precise quantification of this will require impact ionization coefficients
for GaAsSb, which will be an important future work.

In summary, the optimized charge sheet layer suppressed the
tunneling current in the GaAsSb/AlGaAsSb SAM-APD. The surface
leakage current is the main source of the dark current, which suggested
an improved surface treatment or advanced APD structure is needed.
The APD exhibited a high avalanche gain of�130 at�49.6V at room
temperature and extremely low F(M) of 1.52 at M¼ 10 and F(M) of
2.48 at M¼ 20. The GaAsSb/AlGaAsSb SAM-APD with high ava-
lanche gain and low excess noise showed significant improvement
over a commercial InGaAs/InP SAM-APD and offered potential for
low photon detection.
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