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Abstract— Separate — Absorption - Multiplication Avalanche
Photodiode (SAM-APD) made from AlossGao.15As0.56Sb0.44
(AlGaAsSb) avalanche region and InGaAs absorption region
exhibits low dark current, excess noise, and Noise Equivalent
Power (NEP) at room temperature. However, its performance at
elevated temperatures has not been reported. In this work we
performed comprehensive measurements of dark current,
avalanche gain and noise spectrum of three InGaAs/AlGaAsSb
SAM-APDs at 22 to 52 °C. We observed a weak temperature
dependence of dark current and breakdown voltage has a
temperature coefficient of 12.9 (£ 0.5) mV/°C, which is 6 — 15 times
better than a number of commercial 1550 nm APD modules. The
best NEP ranges between 78 and 92 fW/\VHz at 22 to 52 °C with
NEP at 52 °C outperforming a number of commercial 1550 nm
APD modules at 22 °C. The low NEP value enable the
InGaAs/AlGaAsSb SAM-APDs to detect optical pulse with as few
as 78 photons per pulse at 22 °C, increasing to 100 photons at
52 °C. These results demonstrate that InGaAs/AlGaAsSb SAM-
APDs have a superior temperature tolerance to maintain gain,
NEP and low photon detection compared to typical 1550 nm SAM-
APDs. Therefore, they can potentially increase the range and
sensitivity of gas sensing, free space optical communication and
ranging instruments.
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. INTRODUCTION

Avalanche photodiodes (APDSs), operated in either Linear or
Geiger mode, are widely used in applications requiring detection
of low photon infrared signals, including long range optical
networks [1], optical time domain reflectometer [2], light
detection and ranging (LiDAR) [3] and remote gas sensing [4].
In optical fibre-based applications, 1310 and 1550 nm
wavelengths are used due to low dispersion and low attenuation
in standard silica optical fibres. For LiDAR, operating at
1550 nm instead of 905 nm wavelength offers (i) higher limit of
optical transmitter power (by ~ 6 orders of magnitude because
of eye safety considerations [3]) and (ii) greater penetration
through fog. Similarly, 1550 nm is used in commercial free
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space optical communication (FSOC) systems capable of
reaching 30 Gh/s over a link distance up to 1300 m [5] and is the
recommended  wavelength  for the Lunar Optical
Communications [6]. Moreover, the wavelengths around 1570
and 1645 nm are used in remote sensing of important gases (such
as carbon dioxide (CO2) [7] and methane (CH4) [4],
respectively) due to the strong gas absorption peaks.

Noise Equivalent Power (NEP), defined as the minimum
optical power required to achieve a unity SNR, is often used to
describe performance of optical receivers. In both LiDAR and
FSOC, the NEP provides the equivalent optical power level
(signal) required to overcome the voltage noise of the output of
the photoreceiver amplifier. Therefore, with a low NEP, a longer
range and a better signal to noise ratio can be achieved. APDs
are used in LiDAR systems because they provide high quantum
efficiency, fast response time and high sensitivity. For example,
in a study for the baseline configuration of Methane Remote
sensing LIiDAR Mission (MERLIN) for CHs sensing
(~1645nm) uses an InGaAs APD (Laser components,
IAG200T6) with a gain of M = 10 and an excess noise factor of
F =3.2[8]. It was predicted that this APD can enable a modestly
sized LiDAR instrument on a 506 km orbit to provide a 50 km
averaged methane column measurement. Likewise, high
sensitivity APDs are utilised in FSOC for high bit rate optical
backhaul downlinks. For example, the CAPANINA project [9]
achieved a bit rate up of 1.25 Gb/s at 1550 nm wavelength over
a 22 km range with optical signal as weak as 168 photons per
bit [10].

The gain and excess noise factor are key parameters in the

NEP, which is given by NEP = ﬁ,/quszF + iZmp, Where
R is the APD’s responsivity at unity gain, q is the electron
charge, lq is the APD bulk dark current, and i2amp is the current
noise of the optical receiver’s electronic amplifier. To minimize
NEP, we need to minimize lq and F while maximizing M and R.
Since the APD’s dark current usually increases with
temperature, achieving a low NEP at elevated temperatures can
be challenging. This is particularly relevant in automotive



LiDAR, where discrete semiconductor devices need to operate
above room temperature [11]. Therefore, it is desirable to have
an APD that can achieve low NEP at and above room
temperature, which is a key focus of this work.

APDs detecting light at 1550 - 1650 nm typically adopt a
separate absorption and multiplication (SAM) structure,
utilizing a narrow bandgap material such as Inos3Gaga7As
(lattice-matched to InP, hereafter InGaAs) for efficient photon
absorption and a wide bandgap material such as InP or
Inos2AloasAs (hereafter, INAIAS) as the avalanche material. At
M =10, InP and InAlAs typically exhibit F ~ 3.5 [12] and ~ 3.1
[13], respectively. The high F values limit the NEP to 110 —
160 fW/VHz in commercial InGaAs APD modules [14], [15],
[16]. To improve the NEP, an alternative avalanche material
with low F can be used. AlossGao.15AS056Sh0.44 (lattice-matched
to InP, hereafter AlGaAsSh) exhibits very low excess noise
factors (F < 2 at M = 25) [17] due to a large ratio of electron to
hole ionization coefficients [18]. AlGaAsSh avalanche regions
were combined successfully with InGaAs [19] and GaAsSh [20]
absorption  regions to form SAM-APDs. Recently
INnGaAs/AlGaAsSbh SAM APD receiver exhibiting excellent
F(M) characteristics were reported [21] and a very low room
temperature NEP of 46.3 fW /NHz [22] was achieved. This NEP
value is significantly lower than those values in [14], [15], [16],
demonstrating the potential of improving LIDAR and FSOC
systems using InGaAs/AlGaAsSh APDs.

In addition to low NEP, the breakdown voltages, Viq, of
AlGaAsSb based SAM-APDs are relatively stable with
temperature. Their experimental values of temperature
coefficient of breakdown voltage, Cny, are 13.5 [23], 4.31
(derived from 77 to 295 K data) [24], and 11.83 mV/K (derived
from 296 to 353 K data) [25]. These are much lower than typical
Chuq values from other commercial APDs for 1550 - 1650 nm
wavelength (~100 mV/K) [26]. An APD with a low Cpq will
show temperature-stable avalanche gain too. For instance, the
avalanche gain of a homojunction AlGaAsSb p-i-n diode varies
by only 15 % when temperature increases from 24 to 80 °C [27],
suggesting that AlGaAsSb SAM-APDs could maintain high
performance at high temperature. However, NEP values of
InGaAs/AlGaAsSbh SAM-APDs at elevated temperatures have
not been reported. In this work we report the detail
characterization of InGaAs/AlGaAsSh SAM-APDs at elevated
temperatures. The SAM-APDs were evaluated through
measurements of dark current, avalanche gain, and NEP at
1550 nm at 22 to 52 °C, allowing performance in detecting low
photon infrared signals to be assessed. The data reported in this
article is available from ORDA digital repository [28].

Il. EXPERIMENTAL DETAILS

The InGaAs/AlGaAsSh SAM-APDs used in this work were
acquired from Phlux Technology, Ltd [29]. The details of the
epitaxial layers and the device fabrication procedures are not
available to us. Three SAM-APDs (A, B and C) with 200 um
diameter optical aperture, from the Aura Series [29], were used
in this work. The APD temperature was maintained at 22 to
52 °C, under vacuum in a variable temperature probe station
(Janis Research, model ST-500). The temperature dependent
dark current, M, NEP, and low photon measurements were

performed on all three APDs at the temperature from 22 to
52 °C.

Reverse bias, Vy for the APD was supplied by a Source-
Measure-Unit in all the measurements. For measurements
requiring optical signals, a single mode optical fibre coupled
1550 nm wavelength light from a modulated laser (6.5 kHz
frequency and 50 % duty cycle) onto the APD’s optical window.
The APD’s current was amplified and converted into a voltage
signal using a Stanford Research SR570 low-noise current pre-
amplifier at a sensitivity of 10 WA/V with a noise specification
of 2 pA/\/Hz and a bandwidth of 200 kHz [30]. The pre-
amplifier’s output voltage was detected using a Fast Fourier
Transform (FFT) spectrum analyser, so the modulated
photocurrent could be distinguished from the dark current.

The APD’s responsivity is quoted as R = 0.98 A/W at
1550 nm in the data sheet [29]. When operated with an internal
gain, the multiplied responsivity was given by the ratio of
measured photocurrent (obtained from FFT spectrum analyser)
to the incident optical power (measured with a commercial
optical power meter). To determine gain at higher temperature,
we assumed that the responsivity will have a similar
temperature-dependence of a commercial InGaAs photodiode
with data from - 40 to 60 °C [30]. At 1550 nm the responsivity
increases by 0.32 mA/W per °C, so that R(T) = 0.98 +
0.32 X 1073 A/W. M(V) was obtained from the ratio of the
multiplied responsivity to APD’s responsivity at the fixed
temperature. The breakdown voltage, Vng, Was determined by
linear regression fitting to 1/M(V) data extract the bias
corresponding to 1/M(V) = 0.

The spectrum analyser was also used to measure the noise
power spectral density (PSD), Vnoise, t0 Yield NEP, expressed as,

VnoiseXSam
NEP = %Mp, (1)

where Samp IS the sensitivity of the pre-amplifier. The
measurements were centred on the laser modulation frequency
with a 97.5 Hz frequency span and a 244 mHz linewidth. Each
spectra was obtained by averaging across 1000 measurements.

To assess the minimum photon detection, the laser power
was attenuated to the lowest level while ensuring the signal is
clearly above the noise floor. We have ensured all measurements
exhibits a SNR between 3 and 4. The attenuation was achieved
using a -25 dB fixed attenuator and a variable attenuator (0
to - 80 dB). The number of photons per optical pulse was given
BY Npnoton = TPpear/E, Where Ppea is the peak optical power,
7 is the laser pulse duration (76.9 us) and E is the photon energy
(0.8 eV).

I1l. RESULTS AND DISCUSSION

The reverse bias dark current characteristics of the three
APDs at 22 to 52 °C are shown in Fig. 1 (a). The dark current of
APD C is slightly higher than those of A and B. At 22 °C, the
dark current from each APD increases abruptly at 65.6 V,
indicating breakdown. As the temperature increases from 22 to
52 °C, there is a small increase in dark current for V, < Vig. At
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Fig. 1. (a) Dark current characteristics from the three APDs at 22 to 52 °C.
(b) Dark current and photocurrent under 1550 nm wavelength illumination
at 22 °C (left axis, lines) as well as mean avalanche gain (right axis,
symbols) at 22 to 52 °C from the three APDs.

Vb = 0.9 X Vg, the dark current increases by 1.03 times for every
1 °C rise in temperature.

Under a 1550 nm laser illumination at room temperature, the
APD photocurrent increases abruptly at ~ 29.8 V. This was
interpreted as the punch-through voltage, as shown in Fig. 1 (b).
We observed that one of the APDs has a slight increase in
photocurrent at ~ 25 V, prior to the punch-through voltage. At
Vp = 29.8 V, the three APDs’ responsivity values range from
1.14to0 1.18 A/W at 1550 nm. These values indicated M ~ 1.2 at
29.8 V, since R =0.98 A/W at M = 1, as stated in the data sheet
[29].

The mean value of M(V) from the three APDs are shown in
Fig. 1 (b). At 22 °C, the APDs achieved M > 150 before dark
current prevented reliable measurements. For a given Vy, M
decreases with increasing temperature, as expected for
AlGaAsSb based SAM-APDs [20], [23]. At a fixed Vp
corresponding to M = 10 at 22 °C, raising the APD temperature
to 52 °C reduces M by 5.7, 3.9 and 3.0 %, for APD A, B and C,
respectively. Hence the average reduction of M = 10 from 22 to
52 °C is 4.2 %, with a rate of 0.14 %/°C. Repeating the analysis
for M = 20, 30 and 50 produce the temperature dependence
shown in Fig. 2 (a). The percentage reduction changes from
0.14 %/°C for M = 10 to 0.60 %/°C for M = 50. Fig. 2 (a) also
include values extracted from commercial Si [31], [32],
InGaAs/InAlAs [33] and InGaAs/InP [34] SAM-APDs. At
M = 10 to 50, the InGaAs/AlGaAsSb SAM-APDs exhibit 3 to 4
times smaller percentage reduction than the InGaAs/InP,
InGaAs/InAlAs and Si APDs.
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Fig. 2. Temperature dependence of M for above room temperature, where
room temperature is 20 to 25 °C depending on datasheet. Mean values
from three APDs are reported for this work.

The experimental Vg Versus temperature results for the three
APDs are shown in Fig. 2. Linear regression fittings yielded Cpyq
of 124 - 132 mV/°C, giving a mean value of
12.9 (£ 0.5) mV/°C. This Cyq value is 6 - 15 times smaller than
those from typical commercial APD-amplifier modules (with
InGaAs absorption region), that exhibit Cyq values of 80 [14],
100 [16] and 200 mV/°C [15]. The smaller Cnq and lower M(T)
reduction in the AlGaAsSh avalanche region may be attributed
to alloy scattering, which is a significant carrier scattering
mechanism governing AlGaAsSh avalanche statistics [18]
(possibly due to very different covalent radii of the Sb and As
atoms [35], [36]). Alloy scattering has negligible temperature
dependence so its significance in AlGaAsSb may have an
desirable effect on temperature stability of AIGaAsSb APDs.

Power density spectra from the NEP measurements using an
optical power of ~ 2.6 nW and varying APD Vy, are compared in
Fig. 3. For clarity, only data from APD B are presented here. As
Vp increases, Vnoise increases slightly at V, between 30 and 61 V,
before a noticeable from 61 to 64 V. From 30 to 64 V, the signal
amplitude increases from 3.2x10* to 5.6x10° Vrws/VHz,
corresponding to M ~ 1.3 and 23, respectively. Therefore the
SNR improves from ~ 2850 at 30 V to ~ 33,500 at 61 V.
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Fig. 3. Measured power density spectra from APD B under varying V, at
22 °C. Inset shows the signal peaks.



100

@® 22°c — 22°C I .

v 27°¢c — 27°C & T 4 + + 1 N

B 32°c 32°C Igo + =

2 37°c =-37°C [ 2

A e © &

A1000‘ 52°C 52°C o $ ié } >
N L 2> 9 [
= 8o + 10 o
< d ¢ ; (Rl &
s @ o 61 62 @
N . Reverse bias (V. =
o < ‘ - ) e
w — e
= g
=

100 - ‘ ¥< 9\6’

Aty t 1 1
30 35 40 45 50 55 60 65
Reverse bias voltage (V)

Fig. 4. Mean NEP (left axis, symbols) and noise floor (right axis, lines)
versus reverse bias as a function of temperature from three APDs under
1550 nm wavelength illumination. Inset shows the mean NEP data with
the standard deviations (as error bars) around reverse bias of 61 V.

The experimental results of noise floor measured as Vrus and
NEP from the three APDs at 22 to 52 °C are similar, so only
their mean values are shown in Fig. 4, respectively. For a given
temperature, The noise floor increases rapidly when Vy, > 61 V
(M ~ 23), causing the APD noise to dominate over the TIA noise.
Consequently, the best (lowest) NEP values are at Vp ~ 62 V.
The best NEP value for a given temperature worsens from
78 fW/\Hz at 22 °C to 92 fW/\VHz at 52 °C. The best NEP value
of 78 fW/\NHz at 22 °C is slightly larger than the 46.3 fW/\Hz
from [22]. The discrepancy may be due to noise floor at V, above
61 V (possibly caused by parasitic capacitance between the
probe station and the pre-amplifier), limiting our optimum gain
to M ~ 26 compared to ~ 170 in [22].

Table | compares the NEP values at 1550 nm wavelength
from this work with selected commercial APD modules (all with
APD diameter of 200 wum) [14], [15], [16]. The
InGaAs/AlGaAsSh SAM-APD has the lowest NEP. It is
interesting to note that the measured NEP value at 52 °C is lower
than those of the commercial modules at 22 °C, confirming that
superior temperature stability and low noise of the
InGaAs/AlGaAsSh SAM-APD at elevated temperatures.

TABLE I. PERFORMANCE COMPARISON WITH COMMERCIAL APD
MODULES AT THE WAVELENGTH OF 1550 NM.
Commercial APD Modules
Performance CMC - Analog
parameter Electronics EX[CfSII]taS Modules This work
[14] [16]
APD diameter 200 200 200 200
(um)
Chg (MV/°C) 80 200 100 12.9
NEP @ 22 °C 110 @
(fWAHz) 1570 nm 130 160 8
NEP @ 52 °C 9
(fWAHz)

We have evaluated the minimum number of photons that can
be detected by the APDs at 1550 nm. PSD spectra of APD B
obtained at V, ~ 61 V and overall SNR between 3 and 4 are
shown as examples of measured data in Fig. 5. As temperature
varied between 22 and 52 °C, APD B could detect optical pulses
with as few as 75 - 95 photons per pulse. The corresponding
values for APD A and C are 71 - 94 and 87 - 111 photons per
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Fig. 5. PSD spectrum at low number of 1550 nm wavelength photons per
pulse from APD B at V, = -61V and at temperature of (a) 22 and (b) 52 °C.

pulse. Thus, the mean values are 78 photons per pulse at 22 °C
and 100 photons per pulse at 52 °C.

IV. CONCLUSION

Comprehensive InGaAs/AlGaAsSh SAM APD
characterization was carried out at 22 to 52 °C. The three APDs
show highly consistent performance with high tolerance to
temperature. The dark current increases slowly with temperature
at a rate of 1.03 times/°C. The avalanche gain drops with
temperature. The percentage reduction changes from 0.14 %/°C
for M =10 to 0.60 %/°C for M = 50, which is 3 - 4 times smaller
than typical commercial InGaAs/InP, InGaAs/InAlAs and Si
APDs. This confirms the advantage of the small coefficient of
breakdown voltage in InGaAs/AlGaAsSb APD, which was
found to be 6 - 15 times smaller than other InGaAs-based APDs.
Since the dark current and gain directly impact the NEP, the
weak temperature dependence of dark current and gain in
AlGaAsSb is desirable. The best NEP values at the 1550 nm
wavelength are 76 - 78 fW/VHz at 22 °C, increasing slightly to
89 - 96 fW/VHz at 52 °C, which is lower than a number of
existing commercial APD modules. These low NEP values
enabled the InGaAs/AlGaAsSb SAM-APDs to detect optical
pulses with as few as 78 and 100 photons at 22 and 52 °C,
respectively. Our experimental results confirm that
InGaAs/AlGaAsSh APDs are stable with temperature and offer
low noise performance at above room temperature. The
InGaAs/AlGaAsSh SAM-APD showed a potential of thermal
stabilizer free on elevated temperature range while maintaining
the sub-100 photons per pulse detection performanc.
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