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High sensitivity avalanche photodiodes (APDs) operating at eye-safe infrared wavelengths (1400–1650 nm) are
essential components in many communications and sensing systems. We report the demonstration of a room tem-
perature, ultrahigh gain (M = 278, λ = 1550 nm, V = 69.5 V, T = 296 K) linear mode APD on an InP substrate using
a GaAs0.5Sb0.5/Al0.85Ga0.15As0.56Sb0.44 separate absorption, charge, and multiplication (SACM) heterostructure. This
represents ∼10× gain improvement (M = 278) over commercial, state-of-the-art InGaAs/InP-based APDs (M ∼ 30)
operating at 1550 nm. The excess noise factor is extremely low (F < 3) at M = 70, which is even lower than Si APDs.
This design gives a quantum efficiency of 5935.3% at maximum gain. This SACM APD also shows an extremely low tem-
perature breakdown sensitivity (Cbd) of ∼11.83 mV/K, which is ∼10× lower than equivalent InGaAs/InP commercial
APDs. These major improvements in APD performance are likely to lead to their wide adoption in many photon-starved
applications.
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1. INTRODUCTION

There is significant interest in lidar systems for applications rang-
ing from space-borne instruments for greenhouse gas emission
[1,2] to accurate 3D sensing [2] and mapping [2] in urban envi-
ronments for next-generation fully autonomous vehicles. For these
photon-starved applications, avalanche photodiodes (APD) can
provide high detection sensitivity due to their internal gain (M).
However, this gain often comes at the cost of excess noise due to the
stochastic nature of the impact ionization process. McIntyre’s local
field theory [3] defines the excess noise factor (F ) as

F = kM + (1 − k) (2 − 1/M) ,

where k = β/α (the ratio of impact ionization coefficient of
the hole, β, and electron, α). This F sets a limit on the maxi-
mum useful gain of a given device, meaning that high sensitivity
APDs requiring a large signal-to-noise ratio necessitate the use of
avalanche materials with a small k.

Currently available lidar systems primarily operate at 905 nm
using silicon APD receivers due to their high sensitivity, reliability,
and low cost. However, the wavelength of these lidar systems is
limited by the bandgap of silicon to less than 1100 nm. Recently,
there is growing interest in developing longer wavelength lidar
systems. The wavelength of 1550 nm is relevant for long distance

applications because higher laser powers can be used (being eye-
safe), and because it is less affected by the solar background and
atmospheric turbulence.

The best commercially available linear mode APDs at 1550 nm
consist of an In0.53Ga0.47As (InGaAs) absorber and InP or InAlAs
multiplier in a separate absorption, charge, and multiplication
(SACM) architecture. These typically exhibit M of 30 and a large
F > 10 [4,5]. This relatively small gain and large excess noise limit
the performance of these APDs.

In this work, we report a significant advancement in the gain
and excess noise of a room temperature (RT, T = 296 K), 1550 nm
APD using a novel GaAs0.5Sb0.5/Al0.85Ga0.15As0.56Sb0.44

(GaAsSb/AlGaAsSb) SACM architecture. In this design,
the AlGaAsSb multiplier experiences a high electric field
(<600 kV/cm) to achieve a large avalanche gain, while the GaAsSb
absorber has a low electric field (<200 kV/cm) region to minimize
the tunneling leakage current. The grading from the absorber to
the multiplier is accomplished by inserting thin AlGaAsSb layers
with two different Al compositions between 0% and 85%.

Figure 1 shows the heterostructure design (a), a microscope
image of the devices (b), the modeled electric field profile (c), and
the band profile of the device (d). The structure builds on recent
work on the AlGaAsSb multiplier [6,7] and our new work on the
GaAsSb absorber. The structure was grown on semi-insulating InP

2334-2536/23/020147-08 Journal © 2023Optica PublishingGroup
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Fig. 1. (a) Heterostructure schematic of the GaAsSb/AlGaAsSb SACM APD grown by solid source molecular beam epitaxy. (b) Microscope image of the
fabricated devices. Numbers indicate the diameters of the devices in µm. (c) Modeled electric field profile of the structure showing the GaAsSb in the low
field region below the tunneling threshold and the AlGaAsSb multiplier in the high field region to obtain large avalanche gain. (d) Band profile for the device
at zero bias, punch-through (42 V), and near breakdown voltage (67 V). The graphic shows how the photogenerated carriers travel from the absorber to the
multiplier depending on the applied bias voltages. The blue and red circles indicate electrons and holes, respectively.

substrates using solid source molecular beam epitaxy (MBE). More
details of the material growth are given in Section 5.

2. TESTING OF ABSORBER AND MULTIPLIER FOR

GaAsSb/AlGaAsSb SACM APDS

A. High Performance GaAs0.5Sb0.5 Absorber

One of the novelties of this SACM structure is the use of a GaAsSb
absorber as opposed to the conventionally used InGaAs. There
have been relatively few reports on the use of GaAsSb, lattice-
matched to InP, for detector applications [8–10]. For our structure,
there were two benefits of using GaAsSb over InGaAs. The first is
that the conduction and valence bands in Alx Ga1−x AsSb can be
made to change continuously from the GaAsSb absorber to the
AlGaAsSb multiplier without any large bandgap discontinuity.
This makes it easier to extract the carriers by minimizing trapping
and improving the speed of the devices. The second benefit is that
it is easier to grade from GaAsSb to AlGaAsSb while maintaining
lattice-matched growth, as it is mainly the group III composi-
tions that need to change. By contrast, InGaAs has a type II band
alignment, resulting in a larger conduction band offset (∼ 1 eV)
between the last layer of grading (In0.52Al0.48As) and the AlGaAsSb
multiplier [11,12]. Therefore, no comparably simple and efficient
grading is possible with an InGaAs absorber.

To examine the performance of the GaAsSb absorber, we grew
two p+

−i−n+ structures (PIN1 and PIN2). PIN1 and PIN2
were designed with two different unintentionally doped (UID)
layer thicknesses, 1000 and 1800 nm, for measuring the back-
ground doping concentration and external quantum efficiency
(QE). The details of the structures can be found in Supplement
1. Capacitance–voltage (CV) measurements were performed on
PIN1 and PIN2 as shown in Fig. 2(a). From this, the background
doping concentrations in the UID layers of PIN1 and PIN2 were
found to be as low as 1 × 1015 cm−3. Figure 2(b) shows the spectra

of the measured QE for PIN1 and PIN2. The QEs of PIN1 and
PIN2 were 45% and 52.5%, respectively, at 1550 nm without
anti-reflection (AR) coating, and the 50% cut-off wavelength was
1675 nm. The absorption coefficient of GaAsSb determined from
the measured QE spectra is shown in Fig. 2(c). The absorption
spectra of PIN1 and PIN2 are very similar, indicating the high
reproducibility of the growth. The absorption coefficients, while
broadly similar to those previously reported [7], are slightly higher
in the range from 1400 to 1700 nm and are comparable to those of
InGaAs [13]. In the SACM APD, the next most important design
parameter for the GaAsSb absorber is its tunneling threshold field.
We assume the same tunneling threshold field (∼200 kV/cm)
as for an InGaAs absorber in designing our SACM APD because
of their similar bandgaps and electron-effective masses [14,15]
[Fig. 1(c)].

B. Extremely Low Excess Noise Al0.85Ga0.15As0.56Sb0.44

Multiplier

The heart of an APD is the multiplier region. The gain and excess
noise of three p+

−i−n+ AlGaAsSb multipliers with varying UID
layer thicknesses, 390 (PIN3), 590 (PIN4), and 1020 nm (PIN5),
were investigated to support the SACM APD design. This study
of the effects of thickness on avalanche characteristics enabled us
to select the best thickness for the multiplier in an SACM APD,
maximizing M and minimizing the excess noise factor (F ). Details
of the growth and characterization of these structures are given in
Supplement 1. All measurements on M and F in this paper were
taken using pure electron-initiated multiplication, which was
achieved by using short-wavelength light to ensure that > 99% of
incident photons were absorbed in the p-type cladding regions.
Figure 2(d) shows log(M − 1) as a function of reverse bias for
PIN3, PIN4, and PIN5. The black dashed lines indicate the
theoretical gain curves when k = 0 (only electron ionization).
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Fig. 2. (a) Capacitance–voltage results, (b) external spectral quantum efficiency (without anti-reflection coatings), and (c) absorption coefficients of
two GaAsSb PINs (PIN1 and PIN2) compared with literature [8,13]. (d) M − 1 versus reverse bias and (e) F as a function of M for AlGaAsSb p+

−i−n+

structures with three different multiplier thicknesses. Green dots indicate F of InGaAs/InP Hamamatsu APD [4,5]. Gray dashed lines are the calculated
McIntyre’s noise curves with different k increasing from 0 to 0.1 in steps of 0.01 and k = 0.5.

Interestingly, as the thickness of the multiplier increases, the
experimental gain curve approaches that of the theoretical curve,
indicating that the thicker the multiplier region, the more closely
the device approximates single carrier impact ionization behavior.
Figure 2(e) shows F as a function of M for PIN3, PIN4, and PIN5.
The lowest F was achieved with the thickest multiplier, PIN5.
These results are in good qualitative agreement with the electric
field dependence of the ionization coefficients in AlGaAsSb [16].
The thicker multiplier regions operate at lower electric fields
where k is smaller, giving lower F . However, the measured F for
the thickest structure, PIN5, does not follow McIntyre’s curve,
increasing more slowly with M at low M. Previous theoretical
work by Ong et al . [17] explaining the very low F seen in AlAsSb
suggested that the even in thick multiplication regions, non-local
and dead space effects can act to reduce F . This behavior may
therefore be responsible for the F versus M characteristics seen in
PIN5. While F may well continue to decrease slightly as the multi-
plication region width increases, the operating voltage would start
to become very large in these structures. Therefore, the optimum
avalanche multiplier thickness was chosen to be 1020 nm (PIN5),
which provides high gain (M ∼ 30) at a voltage of ∼56 V and
has a minimal excess noise factor (F ∼ 2.2 at M = 30). This F
value is much lower than obtainable with an InP or even InAlAs
multiplier and is similar to a Si APD [18].

3. CHARACTERIZATION RESULTS OF

GaAsSb/AlGaAsSb SACM APDS

Several iterations of the GaAsSb/AlGaAsSb SACM APDs were
grown to optimize the thickness and doping of the grading and
charge layers. This study found that a charge layer width of 35 nm

with a p-type doping of 6 × 1017 cm−3 ensures the electric fields in
the absorber and the multiplier differ as shown in Fig. 1(c).

A. Results of APD Characterizations

Figure 3(a) shows the measured CV of the GaAsSb/AlGaAsSb
SACM APD. Initially, C gradually decreases with reverse bias
voltage and then drops again at around 42 V, which indicates the
punch-through of the electric field into the absorption layer. To
precisely extract the device characteristics, modeling was carried
out to fit the experimental CV curve. The actual thicknesses and
doping concentrations are slightly different from the designed
structure described in Fig. 1(a). The absorber and multiplier thick-
nesses were found to be 460 and 1100 nm, respectively. Details
of the layer thicknesses and doping of the modeled structure can
be found in Supplement 1. One interesting observation in the
doping profile of the SACM APD [inset of Fig. 3(a)] is that the
peak doping concentration of the charge layer is slightly lower
than designed, likely due to Be dopant diffusion during material
growth. However, including the dopant diffusion, the calculated
total doping concentration of the charge layer is almost identical to
the designed value of 2.1 × 1012 cm−2.

The measured dark current for several SACM APDs with dif-
fering sizes is shown in Fig. 3(b). The dark current scales with the
area more than the perimeter of the devices after punch-through,
indicating that the total dark current is mainly limited by carriers
crossing the charge barrier, resulting in an increase in the dark
current. A small deviation of the punch-through voltage between
the simulation and experiment may originate from the variation
of the doping concentration or thickness in the charge layer across
the wafer. Beyond punch-through, the photocurrent (Iph) con-
tinues to increase, driven by the avalanche process until it reaches
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Fig. 3. (a) Measured CV result of the SACM APD. The inset shows the calculated doping profile. (b) Bias-dependent dark current for different diode
sizes and photocurrent (Iph) for 200 µm diameter device at room temperature. Punch-through occurs around 42–45 V, with the photocurrent suddenly
increasing by two orders of magnitude higher than the dark current. (c) M obtained with a 1550 nm illumination showing a maximum gain of 278. The
random path length (RPL) model fits the measured M curve well. (d) Measured QE spectra of the SACM APD at various reverse bias voltages. (e) Excess
noise factor, F , as a function of the multiplication gain, M. Notice that the commercial infrared multiplier, InP, has very large F . The AlGaAsSb layer has an
F that is even better than Si.

breakdown around 70 V. There is a slight increase in the photocur-
rent at 53 V, which is probably due to the grading layers’ steps that
impede electron transport. This phenomenon can be mitigated
by linear grading. Accurate determination of the multiplication
as a function of bias requires knowledge of the gain at a particular
bias. Since the photocurrent is unreliable below 54 V, all analyses
on M and F used data from 54 V onwards. At 54 V, the device is
fully depleted, and the electric field in the multiplication region is
high enough to give rise to some gain. The M of the SACM APDs
was calculated using the electric field distribution obtained from
CV modeling [Fig. 3(a)], and the impact ionization coefficients
of AlGaAsSb [16], using a random path length (RPL) model
[19]. This gave an M of 3.6 at 54 V, which was used to convert the
photocurrent shown in Fig. 3(b) into a bias-dependent M. The
modeled multiplication at voltages ≥ 54 V agrees well with the
measured photocurrent results as shown in Fig. 3(c).

The maximum measured M was 278, an order of magnitude
improvement over commercial 1550 nm APDs. Figure 3(d) shows
the measured QE spectra of the SACM APD as a function of wave-
length at various reverse biases and hence gains. Comparing the
value of the photocurrent at 54 V using 1550 nm in the SACM
APD to those in PIN1 and PIN2 at unity gain further corroborated
the M value of 3.6.

The QE deduced in the SACM APD at unity gain is relatively
low at 21.35% (due primarily to the thin 460 nm GaAsSb layer
used) but nevertheless can still achieve 5935.3% (responsivity of
7418 A/W) with gain. One interesting feature in the QE spectra
is that the cut-off tail becomes slightly extended to longer wave-
lengths (∼1900 nm) as the applied reverse bias voltage increases,

due to the Franz–Keldysh effect [20,21]. This could be useful
for other applications such as detection of methane (1650 nm),
hydrogen chloride (1742 nm), nitrogen oxide (1814 nm), and
water vapor (1854 nm, 1877 nm) [22].

The measured F of the SACM APD structure, shown in
Fig. 3(e), does not follow McIntyre’s curve, increasing more slowly
with M at low M and appears to have the same F versus M char-
acteristic as seen in PIN5 [Fig. 2(e)]. F is approximately 5× lower
than that of commercial InP APDs and even lower than that of a
low noise commercial Si APD for M > 25.

B. Results of Bandwidth and Temperature Coefficient

of Breakdown

The frequency response and the −3 dB bandwidth of the 200 µm
devices are shown in Fig. 4(a) and 4(b), respectively. Measurements
were undertaken using a CW 1.55 µm semiconductor laser
that was modulated by a Mach–Zehnder modulator (MZM)
driven by a vector network analyzer (VNA). Further details are
provided in Section 5. We focus on 200 µm devices because
commercial APD technology for lidar systems typically requires
a large optical window to enhance the input signal. The band-
width gradually increases from 0.2 GHz (M ∼ 8), saturates at
∼ 0.7 GHz (M ∼ 25), and then starts dropping (M ∼ 100) due
to the avalanche build-up time. With 65 V reverse bias, the highest
−3 dB bandwidth and gain–bandwidth product (GBP) were
determined to be 0.7 and 11 GHz, respectively. This bandwidth
value is comparable to commercial InP-based APDs (∼ 0.9 GHz)
[5] with a similar diameter and capacitance. The bandwidths of
these SACM APDs increase with reducing device diameter, which
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Fig. 4. (a) Frequency of GaAsSb/AlGaAsSb APDs as a function of the operating bias measured using a vector network analyzer (VNA) method [28].
(b) 3 dB bandwidth and gain–bandwidth product (GBP) reach 0.7 and 11 GHz at 65 V, respectively. The capacitance of the device limits the bandwidth
since the bandwidth decreases with increasing device area. (c) Measured gain, M, as a function of reverse bias at three different temperatures: 296, 333, and
353 K. (d) Cbd versus total depletion width for APDs of various materials: InP [23], Si [24], AlInAs [23], AlAsSb [25,29], and AlGaAsSb [10,30].

indicates that the bandwidth is limited by the RC time constant of
the devices, not by the transit time.

One of the crucial performance metrics in APDs is the temper-
ature coefficient of breakdown (Cbd), defined as the change in the
breakdown voltage with temperature. In general, the breakdown
voltage of an APD increases with increasing the temperature due
to the increased phonon scattering reducing the ionization coef-
ficients. This can significantly alter the multiplication (or gain)
and hence sensitivity as the temperature changes in APDs made of
materials such as InP [23] and Si [24]. To determine the Cbd of our
device, M at various temperatures, 296 (23◦C), 333 (60◦C), and
353 K (80◦C) were measured as shown in Fig. 4(c). The change
in voltage with temperature at M = 20 was used rather than at
breakdown, as this should give similar results without the risk
of catastrophic damage to the devices. The device junction tem-
peratures were accurately measured using the method described
in Ref. [25], and the measured Cbd was ∼ 11.8 mV/K, which is
∼10× lower than the Hamamatsu device (Cbd = 100 mV/K)
[5]. Figure 4(d) compares Cbd for this SACM APD and several
other APD technologies as a function of total depletion thickness.
The AlGaAsSb SACM APDs present significantly lower Cbd

than InP-, AlInAs-, and Si-based APDs and are comparable to
results reported for AlAsSb- [25], AlGaAsSb- [10], and AlInAsSb-
[26] based APDs. Ong et al . [27] showed that the alloy disorder
potential was responsible for the large differences seen in the Cbd of
different semiconductors, and Monte Carlo modeling by Jin et al .
[25] showed that increased alloy scattering relative to the phonon
scattering in Sb-based alloys reduces the temperature dependence
of the ionization coefficients, resulting in a much smaller Cbd.
This suggests that these SACM APDs will not require significant
temperature stabilization, potentially eliminating the need for a
cooling subsystem.

4. DISCUSSION AND CONCLUSION

Recently, extremely low excess noise (and large α/β ratio) has been
demonstrated with various As/Sb mixed alloys on InP substrates,
such as AlGaAsSb [6,7], AlAsSb [31], and AlInAsSb [32]. As
shown in Fig. 5(a), their noise values (pink ellipse) are significantly
smaller than those of P - and As-bearing materials (blue ellipse).
This observation, combined with the observed sub-McIntyre
behavior, suggests that the ionization behavior of large group V
atom APDs (Sb) seem to be different compared to those of smaller
group V species (P and As). Adding large Bi atoms into GaAs
mainly engineers the valence band structure [33] and so, increases
the spin–orbit splitting energy (1so). Oguzman et al . [34] showed
that in GaAs, the hole ionization process was largely initiated
from the split-off band. Increasing 1so makes the transfer of holes
from the heavy and light hole bands into the split-off band more
difficult and hence reduces the hole impact ionization as shown
in the GaAsBi system [35]. To investigate the effect of 1so on
the α/β ratio for various material systems, we plot the calculated
α/β ratio (at electric fields corresponding to M = 1.1 in 1 µm
p+

−i−n+ diodes) as a function of 1so, as shown in Fig. 5(b). It
is clear that the α/β ratio increases with increasing 1so, and this
correlates with the increasing size of the group V species in the
alloys (N → P → As → As/Sb → As/Bi). With only 5.4%
incorporation of Bi, 1so can reach up to ∼0.6 eV and result in a
α/β ratio that is even larger than Al0.85GaAsSb. The ionization
coefficients of InP, InAlAs, and AlAsSb show that the electric field
dependence of α is identical in all three materials, but it is β that
decreases as 1so increases [36]. Similar behavior is seen in the
GaAsBi material system with α changing only very slightly with
increasing Bi but β decreasing dramatically [33]. These findings
suggest a means by which to engineer the valence band structure in
bulk semiconductors and hence obtain deterministic gain.
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Fig. 5. (a) F at M = 10 as a function of multiplier thickness for various material systems on InP substrates: AlGaAsSb (this work), InP [4], InAlAs
[37], AlAsSb [31,38], and AlInAsSb [32]. The blue ellipse contains materials without Sb, while the pink ellipse contains Sb bearing materials. (b) α/β

ratio at M = 1.1 versus spin–orbit energy for various material systems: GaN [39,40], GaP [41,42], InGaP [43,44], InP [25,45], Alx Ga1−x As [46–48], and
GaAs1−x Bix [35]. The spin–orbit energy of Al0.85GaAsSb was theoretically calculated using a 14-band k·p method in this work.

Table 1 compares our non-optimized GaAsSb/AlGaAsSb
SACM APD to three commercially available, 200 µm diameter
InGaAs APDs to benchmark the performance of our device. The
Hamamatsu G14858-0020AA is a low dark current design that
was recently released [5]. The 200 µm GaAsSb/AlGaAsSb SACM
APD (this work) is capable of an M that is ∼ 10× higher, an F
(at M = 25) that is 6.5× lower, Cbd that is ∼10× lower, and a
similar bandwidth. However, the QE of the SACM APD (21.35%)
at the unity gain point is less than that of this Hamamatsu APD
(∼65%), which can be attributed to the thin GaAsSb absorber
(460 nm) used here and lack of any AR coating. Therefore, the only
performance limiting factor for the reported device is the bulk dark
current from the GaAsSb absorption region, which is 24× higher,
but even this compares favorably with the Hamamatsu G8931-20
variant. Comparison with the Excelitas APD is complicated by the
fact that its dark current and F are provided only at M = 10, but
on most metrics, GaAsSb/AlGaAsSb compares favorably. Further
optimization of the GaAsSb growth to reduce the dark currents
to levels seen in InGaAs together with the use of an AR coating
and a 2 µm thick GaAsSb absorber will improve the performance
of this SACM APD significantly. This would increase the QE
at unity gain to 87% giving potentially a maximum multiplied
QE of 24,186%. The capacitance is also expected to be almost
half, and this should lead to a doubling of the RC-limited device
bandwidth to 1.4 GHz. Cbd will also double if the total depletion
width doubles, but at <24 mV/K, it is still > 4× better than these
commercial InGaAs APDs.

In summary, this demonstration of an RT, high gain, and

extremely low excess noise GaAsSb/AlGaAsSb SACM APD on InP

shows improved sensitivity over Si and state-of-the-art commercial

APDs for 1550 nm detection. The SACM APD growth and design

can be improved to reduce the bulk dark currents, increase the

multiplied QE with low excess noise, and extend the bandwidth

from this initial demonstration. These characteristics will provide

significant performance enhancements in lidar systems and other

applications that require high sensitivity and fast response time

APDs.

5. METHODS

A. Material Growth

A total of five p+
−i−n+ samples and one SACM sample were

grown on semi-insulating InP substrates using a random alloy (RA)

growth technique in a solid-state MBE reactor. All the materials

were grown as RAs. For group V cells, we used RIBER VAC 500

and Veeco Mark V valved crackers for As and Sb, respectively.

To achieve very low background doping concentration for both

p+
−i−n+ GaAsSb and AlGaAsSb, calibration runs were per-

formed at various growth conditions such as growth rate, V/III

beam equivalent pressure (BEP) ratio, and growth temperature.

More details on the growth can be found elsewhere [6,7].

Table 1. Comparison of This Work with a Commercial, State-of-the-Art Device by Hamamatsu
a

Parameters Excelitas (C30662) Hamamatsu (G8931-20)
Hamamatsu

(G14858-0020AA)
This Work

(GaAsSb/AlGaAsSb)

Device diameter 200µm 200µm 200µm 200µm
Spectral range ∼1.7 µm ∼1.7 µm ∼1.7 µm ∼1.7 µm
Capacitance at max depletion 2.5 pF 1.5 pF 2 pF 2 pF
Breakdown voltage 50 V 55 V 65 V 70 V
Cbd 140 mV/K 110 mV/K 100 mV/K 11.83 mV/K
Bandwidth 0.85 GHz 0.9 GHz 0.9 GHz 0.7 GHz
Max multiplication ∼20 ∼30 ∼30 ∼278
Excess noise at M = 25 3.4 at M = 10 ∼13 ∼13 ∼2
Dark current at M = 25 4.5 nA at M = 10 2280 nA 20 nA 480 nA

aWhile the device in our work has significantly greater gain and lower noise, further work is needed to reduce its dark current.
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B. Device Fabrication

Optimizing the device fabrication process is important to achieve
high gain and low noise SACM APDs. If the fabrication is not done
well, high leakage current and early edge breakdown prevent char-
acterization of representative gain and noise of the APDs. For us
to successfully perform the characterizations, iterative fabrication
runs were carried out with characterization of current and noise
characteristics to guide the optimization. The fabrication for the
SACM APDs was done with conventional lithography and wet
etching processes to delineate a clear mesa shape of the devices, and
the surface was covered by SU-8 for passivation. Last, Ti/Au were
deposited on the top and bottom contact layers to make ohmic
contacts. The low series resistance for all devices was confirmed by
forward IV characteristics. More details on the fabrication can be
found elsewhere [6,7].

C. IV and CV Measurements

The dark current–voltage measurements were performed with an
HP4140B picoammeter and a probe station. CV measurements
were undertaken using an HP4275A LCR meter as a frequency of
100 KHz. The depletion width and background doping concen-
tration were determined with a static dielectric constant of 11.4 for
AlGaAsSb and 14.1 for GaAsSb.

D. Multiplication and Excess Noise

A transimpedance-amplifier-based circuit with a center frequency
of 10 MHz and bandwidth of 4.2 MHz was used to determine the
multiplication and excess noise in these structures as described
in Ref. [49]. Phase-sensitive detection was used to remove the
effects of the DC dark leakage current. The measurement setup
was calibrated by using a reference device (SFH2701 Silicon PIN
photodiode) that operates with shot noise only. The measured
noise power of the device under test (DUT) was compared to the
measured noise power of the reference device at a given photocur-
rent to determine the excess noise factor. A Thorlabs fiber-coupled
LED (M1450F1) with an emission peak at 1550 nm was used to
illuminate the devices for multiplication and excess noise measure-
ments. The gain value of the GaAsSb/AlGaAsSb SACM at a given
voltage was determined by comparing the absolute photocurrent
value to a GaAsSb p+

−i−n+ diode of identical optical sensing area
at unity gain, correcting for differences in photon absorption.

E. Quantum Efficiency

QE measurements are performed to study the optical properties
of the SACM. A 100 W tungsten bulb source was focused into a
monochromator (IHR320). The output light from the monochro-
mator was focused onto the DUT using optical lenses. The light
was modulated at 180 Hz by a mechanical chopper to remove
any DC dark leakage current, and photocurrent was measured
using a lock-in amplifier. The DUT was biased with a Keithley 236
source meter unit. A Thorlabs InGaAs photodiode (FD05D), with
known responsivity, was used as a reference sample to calculate the
relative power of the monochromator at each wavelength.

F. Bandwidth Measurements

A CW optical signal from a 1.55 µm semiconductor laser was
passed through a polarization controller and then modulated by a

LiNbO3 MZM. A bias was applied to the modulator at the quadra-
ture point, and it was driven by a VNA. Then, the modulated
optical signal was focused onto the SACM device via a lensed fiber,
and a G-S probe collected the photo-response. The VNA using
a bias-tee measured the RF photo-response. More details can be
found in Ref. [28].
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