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Room Temperature InGaAs/AlGaAsSb
Single Photon Avalanche Diode

J. Taylor-Mew *“, L. Li"?, T. Blain ", C. H. Tan

Abstract—Near-infrared Single Photon Avalanche Diodes
(SPADs) are the dominant, practical single photon detectors for
quantum applications and low-level optical sensing. Although some
infrared SPADs can operate at room temperature, thermoelectric
coolers are still essential, increasing complexity (operation and de-
vice packaging) and power consumption. Passively-cooled SPADs
could be realized by avalanche materials exhibiting better temper-
ature stability. A promising candidate is the InGaAs/AlGaAsSb
SPAD, because the AlGaAsSb multiplier is highly stable with tem-
perature. In this work, we report single photon detection perfor-
mance of InGaAs/AlGaAsSb SPADs at room temperature and 1550
nm wavelength using multiple devices for each type of measure-
ments. With 0.1 photons per pulse and 15 pum diameter devices,
the maximum SPDE was 14% at DCR of 30 Mc.s~!, respectively.
The best NEP value is around an order of magnitude higher
than InGaAs/InP SPADs, but are comparable to InGaAs/InAlAs
SPADs. Within the relevant overbias range and repetition rate up
to 1 MHz, the DCR was unaffected by afterpulsing. Timing jitters
were as low as 150 ps, matching InGaAs/InP SPADs. The results of
this work are much more competitive than the previous report of
InGaAs/AlGaAsSb SPAD, which required cooling to 200 K to detect
single photons. Further research could help InGaAs/AlGaAsSb
SPADs progressing towards passively-cooled single photon detec-
tors for room temperature operation.

Index Terms—AlGaAsSb, Geiger mode avalanche photodiode,
room temperature, single photon avalanche diode (SPAD), single
photon detection efficiency (SPDE).

1. INTRODUCTION

INGLE photon detectors are crucial for applications relying
S on single photon counting (e.g., Quantum Key Distribution
[1]) or detection of weak optical pulses down to few-photon-
level (e.g., laser ranging [2], [3] and remote gas sensing [4]).
Many applications operate at ~1550 nm to utilize the low-
loss window in optical fibers or minimize optical attenuation
caused by atmospheric obscurants in free-space systems. At this
wavelength, the best performance is offered by Superconduct-
ing Nanowire Single Photon Detectors (SNSPDs), with single
photon detection efficiency (SPDE) ~90 % and very low false or
Dark Count Rate (DCR) when optical cavity and anti-reflecting
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coating were incorporated [5]. However, their cryogenic opera-
tion temperatures (< 4 K) severely limit their adoption.

The other dominant single photon counting detector technol-
ogy, Single Photon Avalanche Diodes (SPADs), can operate at
significantly higher temperatures, between 200 K and room tem-
perature. Thus, inexpensive thermoelectric coolers are used to
cool and maintain the SPAD temperature. Nevertheless, thermo-
electric coolers degrade the power efficiency of the SPAD mod-
ule and increase the complexity of device packaging. For single
photon detection at 1550 nm wavelength, Ing 53Gag 47 As/InP
SPADs provide the best combinations of DCR-SPDE values [6],
[71,181,[9], [10], [11],[12], [13] and are available commercially.

Research efforts have improved the performance of
Ing.53Gag. 47 As/InP SPADs such that some of them are now able
to operate at Room Temperature (RT) with reasonable DCR
values (500 - 760 kcps) and SPDE up to 60.4% at 1550 nm
wavelength [6], [7], [8], [9], [10], [14], [15], [16]. Increasing the
operation temperature to room temperature is highly desirable
because it reduces the operation complexity and power con-
sumption of the SPAD modules. Higher operation temperature
can also improve SPAD performance significantly because the
undesirable afterpulsing effect is much reduced at room temper-
ature compared to lower temperatures [11], [12].

Ing 53Gag 47 As/InP SPADs operating at room temperature
still require thermal stabilizing components due to InP having
relatively large temperature coefficients of breakdown voltage
(~100’s mV.K~!) [13]. Hence, it is desirable to explore SPADs
made with alternative avalanche materials that have better tem-
perature stability. Attempts to improve SPAD’s temperature sta-
bility led to investigations into Ing 53Gag 47As/InAlAs SPADs
(which offer lower temperature coefficients of breakdown volt-
age ~20-50 mV.K~! [17], [18]) and InAlAs-based SPADs
operated at RT have been reported [17], [19], [20], [21].

Ge/Si SPADs can also operate at room temperature [22],
[23], although much of the better performance values were at
1310 nm wavelength (e.g., peak SPDE of 25% with a DCR
of 7.2 Mc.s™! [22]). Recently, an Algg5Gag.15A80.56Sbg.44
(AlGaAsSb) avalanche photodiode originally designed for
linear-mode operation [24] achieved single photon detection
at 200 K when operated in Geiger-mode [25]. The avalanche
material of AlGaAsSb is highly stable with temperature [25],
[26], leading to AlGaAsSb APDs with stable avalanche gain
and low noise even when operated at 85 °C [27]. Hence, an
AlGaAsSb-based SPAD offers the potential of 1550 nm wave-
length SPADs operating at room temperature, in turn enabling a
thermoelectric cooler-free SPAD. In this work, we report data of
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single photon detection from Ing 53Gag 47 As/AlGaAsSb SPADs
operated at 300 K, including DCR, SPDE, avalanche event
timing distribution, and afterpulsing effect. The data reported in
this manuscript is available from ORDA digital repository [27].

II. EXPERIMENTAL DETAILS

The SPAD devices were acquired from Phlux Technology Ltd,
which designed and fabricated the devices. We were informed
that the wafer was grown on a semi-insulating InP substrate
using molecular beam epitaxy. The wafer was fabricated into
mesa devices with 15 to 55 pum diameters and all devices have
anti-reflection coating designed for 1550 nm wavelength light.
The devices use an InGaAs layer for photon absorption. A
charge sheet separates the InGaAs absorption layer and the
AlGaAsSb avalanche layer, minimizing the absorber’s electric
field and hence band-to-band tunneling current. The wafer of
this work was designed to have lower electric field in the
InGaAs absorption layer compared to the wafer in our previ-
ous work, which was designed to function as a linear mode
APD [25].

All device characterization was carried out in a probe station
with a sample stage heated to 300 K for all measurements unless
otherwise stated. Linear mode characterization included dark
current and multiplied responsivity, R, as functions of reverse
bias V,. The dark current measurements were carried out on
multiple devices with diameters ranging from 15 to 55 um, to
determine device uniformity and approximate breakdown volt-
age, Vy,. For the R(V};) measurements, a 1550 nm wavelength
laser was the optical source, and avalanche current was mea-
sured using a phase-sensitive detection method (implemented
with modulated laser light and lock-in amplifier). R-V, data
were obtained from 6 devices (with 55 pm diameter), and the
data were subsequently used to ensure single photon injection
conditions in SPDE measurements. In addition, a raster scan of
photocurrent (using an optical spot of ~ 5 zm) was performed on
a 35 pm diameter device reverse-biased at 58.5 V (0.975V,4, in
linear mode) to check for the presence of electric field hot spots.
Again, the optical source was a modulated 1550 nm wavelength
laser and phase-sensitive detection was used to measure the
photocurrent.

Geiger mode characterization at 300 K included DCR, SPDE,
avalanche event’s timing distribution, and afterpulsing effects as
functions of overbias, V,,,. For DCR and SPDE, six devices with
diameters of 15 and 35 pm (three devices for each diameter) were
measured. These were carried out using the cryogenic probe
station setup described in [17], with an additional optical fiber
for ease of monitoring of optical power delivered to the device-
under-test (DUT). The DUT was reverse-biased in gated mode
via a bias-tee to superimpose gate voltage pulses, V., onto a
d.c. bias, V.. The gate pulses had a nominal on-time, 7, of
20 ns (including rise time of 5 ns and fall time of 5 ns) with a
repetition rate, f of 10 kHz. V,. and V. were selected so that
Vie < Viprand (Vy. + V) > Vi, The effective V,,,, applied to
the DUT was given by V,, = (Vac+Vi4c) - Vi and adjustments
in V. yielded changes in V,,. To exclude portions of the gate
voltage pulses below Vy,, t,,, values were adjusted to 11-20 ns
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(based on experimental calibrations of the setup) in subsequent
DCR calculations.

The avalanche currents from the DUT were detected as
avalanche events (whether due to dark carriers or photons) by
an edge-triggered discriminator. Capacitive transients (caused
by the rising and falling edges of the gate pulses) present
in the avalanche signals at the discriminator’s input were re-
duced significantly, allowing smaller breakdown events to be
detected and counted. The reduction was achieved by the gen-
eration of capacitive transients (through a variable capacitor,
wide bandwidth voltage attenuators, and appropriate lengths
of electrical cables), followed by a high-speed differential am-
plifier for transient cancellations (similar to the circuit design
of [28]). When the DUT was in the dark, the gated measure-
ments yielded the gated dark counts per second, Cg4%. Us-
ing DCR = —[In(1 — Cyuri/f)]/ton [28], DCR estimated for
free-running operation was obtained. Some Geiger-mode DCR
measurements were carried out in free-running method, i.e., the
DUT was reverse-biased by only a d.c bias. In the free-running
measurements, the avalanche currents were quenched using a
360 kS series resistor and DCR = C 4.4

All SPDE measurements were carried out in gated bias-
ing method and used a 1566.5 nm pulsed laser (pulse width
~23 ps). A combination of fixed and variable optical attenuators
ensured the mean number of photons per pulse, NV, injected into
the DUT was 0.1, minimizing the probability of injecting more
than 1 photon within a pulse into the DUT (which would have
invalidated the SPDE data). The pulsed laser was triggered using
the electrical pulse generator to ensure the photon arrived during
the gate pulse period. SPDE was given by [29]

SPDE = (P, — Py) / (1 —exp (—N)),

where P; and P, are the probability of detecting an event with
and without photon injection, respectively. P, and P; were ob-
tained experimentally using C,./f. The DUT’s overall photon-
counting performance was evaluated using Noise-Equivalent-
Power (NEP), defined as

NEP = (hv/SPDE) v2 DCR,

where Av is the photon energy [30].

To obtain the avalanche event’s timing, a time-to-amplitude
converter (Ortec 566) was used to measure time elapsed between
i) the start of the overbias pulse and ii) the triggering time
at the discriminator. A synchronization signal controlling the
pulsed laser provided the first timing signal and the discrimina-
tor (when triggered by avalanche events) provided the second
timing signal. Outputs of the time-to-amplitude converter were
connected to a multichannel analyzer (Canberra Multiport II),
which built up histograms of avalanche event’s timing for a given
Vv Each histogram was collected over a fixed duration of 5
minutes. At each V,,, two histograms were collected (in the
same measurement session) with the DUT in the dark and under
single photon-level illumination. By subtracting the dark his-
togram from the illuminated histogram, we obtained a histogram
associated with photon-initiated avalanche event’s timing. The
SPDE setup’s timing jitter was estimated to be ~116 ps. This was
obtained experimentally from the SPDE setup, by measuring
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Fig. 1. (a) Reverse dark I-V of 17 devices with diameters of 15 — 55 pm.
(b) Mean R(V) from six devices with 55 pm diameter.

event’s timing distribution from the devices of this work in
linear mode and illuminated with the pulsed laser at high optical
power (~33 nW average power or 26 x 10° photons per pulse).
The setup’s timing jitter in this work is considerably smaller
than our earlier work [25], following the removal of a delay
generator with significant timing jitters. Assuming Gaussian
distributions for both the setup’s and the device’s timing jitter, a
simple residual sum of squares equation was applied to estimate
the device’s timing jitter.

III. RESULTS AND DISCUSSION

Reverse dark current characteristics from devices (with di-
ameters of 15 to 55 pum) are shown in Fig. 1(a). All the
dark currents exhibit a sudden increase at ~50 V (suggest-
ing punchthrough voltage and depletion of InGaAs absorption
layer), before an even greater increase at ~60 V (indicating
Via). The dark currents do not scale with the device area,
indicating that bulk leakage mechanisms are not the dominant
contributing mechanisms at these device sizes. This is not a
major surprise since it is plausible that surface leakage current
is not completely removed in these mesa-based devices.The ratio
of V4 to punchthrough voltage is ~1.2 in this work, similar to
those of high-performance InGaAs/InP SPADs (e.g., [12]). The
ratio is considerably smaller than the ratio of 2.2 in our earlier
work [25], indicating higher doping density in the charge sheet
as intended. Hence, the electric field in the InGaAs absorber is
likely to be lower in this work compared to the earlier work,
which is desirable for suppressing dark carriers and, hence
the DCR.

Mean values of R versus voltage from six devices confirm
that Vg ~60 V, as shown in Fig. 1(b). The devices exhibit
uniform R(V) characteristics and achieve R as high as 676 A/W at
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Fig. 2. Raster scan photocurrent of 35 pm diameter device reverse-biased at
58.5 V (0.975 V3q) under 1550 nm illumination.

58.87 V. Since the maximum theoretical responsivity at 1550 nm
is 1.25A/W, this suggests avalanche gain > 540. The avalanche
gain at the punchthrough voltage is ~8, much higher than the
1.62 in out earier work [25], confirming higher doping density
in the charge sheet of this work. The uniform R(V) data suggest
an absence of premature edge breakdown in these devices. To
confirm this, data from the photocurrent raster scan of a 35 ym
diameter device (biased at 0.975V};,) are shown in Fig. 2. The
highest photocurrents coincide with the device’s optical window.
The photocurrent signal decreases rapidly as the laser spot moves
towards the circular metal contact and then beyond the mesa
sidewall. No hot spot was observed on the edge of the mesa.
The combined R(V) and raster scan data indicate that the devices
exhibit bulk avalanche breakdown and do not suffer from edge
breakdowns.
Data of DCR versus overbias obtained from three devices with
35 pm and with 15 pm diameters (in gated mode) are in excellent
agreement for a given device diameter, as shown in Fig. 3(a).
The data are also consistent with DCR values obtained using
free-running mode. For a given overbias, the smaller devices
have lower DCR values, which is attributed to smaller bulk dark
currents contributing to dark counts. For a given overbias ratio of
3.5%, the DCR values are 19 and 77 M.cs ™!, significantly lower
than that of ref [25] (~200 Mc.s™!). This is consistent with the
expected drop in DCR, as indicated by the larger punchthrough
voltage in Fig. 1(a), and smaller device areas used in this work.
Additional gated DCR measurements were carried out on
two devices in ambiance without temperature stabilization. The
data are presented as P, versus time in the inset of Fig. 3(a).
Other measurement conditions include V,, =2.5V and 1.5V
(for maximum SPDE) for the 15 pm and 35 pm devices,
respectively, f = 10 kHz and ¢,, = 20 ns (same as the main
DCR measurements). Values of P, remained stable over each
continuous 2-hour session, at 0.20 (15 pm device) and 0.24
(35 pm device) with standard deviations of + 1%. These confirm
that the operating overbias of AlGaAsSb SPADs are highly
stable without any temperature stabilization.
SPDE versus overbias data for the same six devices are com-
pared in Fig. 3(b). At high overbias, extraction of SPDE values
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Fig. 3. (a) DCR data versus overbias from 6 devices operated in gated mode

(symbols) and in free-running mode (lines). (Inset) P4 versus time data of @ =
15 and 30 pm devices at V,,, = 2.5 V without thermal stabilization. (b) SPDE
data (symbols) and mean values (lines) versus overbias from the same 6 devices.

(which relies on subtraction of dark counts from counts with
illumination) was affected by high DCR values. A maximum
of one count would be recorded for each overbias pulse, so
increased dark counts at high overbias prevented some photon
counts to be registered. Hence SPDE values tend to increase with
the overbias, reaching a maximum value (the exact value vary
with device diameter and ¢,,,) before decreasing with overbias.
Again, SPDE values are in agreement with a given device
diameter. Using mean SPDE values, the maxima are ~9 and 14%
atV,, = 1.5 and 2.5V, for the 35 and 15 pum diameter devices,
respectively. The corresponding DCR values (and P,) are 68
and 30 Mc.s~! (0.64 and 0.41), respectively. These SPDE data
represent a significant improvement over the previous (and first)
report of InGaAs/AlGaAsSb APD for single photon detection,
which was unable to detect single photon at room temperature
due to much higher DCR [25].

The timing performance of the devices is evaluated using his-
tograms of photon-initiated avalanche event’s timing obtained
from a 15 pm diameter device at varying V,,, as shown in Fig. 4.
As V,, increases, the total count for each histogram increases
because of increasing avalanche event probability, as observed
in the increasing SPDE. Full-Width-Half-Maximum (FWHM)
values of the histograms for V,, = 0.5 to 2.5 V reduce from
430 to 230 ps. The minimum FWHM measured was 190 ps
and occurred at V,,, = 2 V. Taking into account the setup’s
timing jitter, the corrected timing jitter of the devices for V,, =
0.5t0 2.5 Vis 410 to 150 ps, as shown in inset of Fig. 4. The
device’s timing jitter worsens when V,, increases from 2.0 to
2.5 V, probably due to data uncreatinity caused by increase in
the dark histogram at higher V,,,.The timing jitter values of this
work match those of commercial InGaAs/InP SPADs (e.g., 130
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Fig. 5. Dark Count Rate versus repetition rate characteristics for three 15 ym
diameter devices at 300 K.

ps at 32% SPDE [31]). It is noted that the timing jitter values in
this work were obtained using N = 0.1, yet are already better
than those of recent Ge/Si SPADs which were obtained using
non-single photon conditions (N = 10 and 207 ps [22]; N =
955 and 159 ps [23]).

Afterpulsing data from three 15 pum devices are presented as
DCR versus hold-off time (lower) or gate repetition rate (upper
axis) as a function of overbias in Fig. 5. The DCR values are
highly uniform from device to device. At V,, = 3 V, they are
constant for hold-off times as short as 1 us (repetition rate as
high as 1 MHz). The extent of afterpulsing is much reduced
compared to our earlier work [25] (requiring hold-off time >
5 ps at Vi, = 3 V and 200 K), owing to the considerably higher
operation temperature in this work.

NEP values are useful performance indicators for SPADs
because they consider both DCR and SPDE. The mean NEP
(with standard deviation shown in error bars) versus overbias
of this work is presented in Fig. 6(a). NEP of the 15 pm
diameter devices does not vary significantly between V,, = 0.5
to 2.5 V and are comparable to the 200 K NEP value from earlier
InGaAs/AlGaAsSb SPAD [25]. It is worth noting that in this
work no afterpulsing effects was observed up to V,,, = 3 V and
the smallest timing jitter was observed at V,, = 2.0 V. Hence
the optimum V,, is ~2 V for the 15 pm diameter devices.

The NEP values of this work are compared with other room
temperature SPADs made with InGaAs/InP, InGaAs/InAlAs and
Ge/Siin Fig. 6(b). InGaAs/AlGaAsSb SPADs of this work have
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higher NEP values than those of InGaAs/InP SPADs by an order
of magnitude but are comparable to InGaAs/InAlAs SPAD. The
values of this work are similar to that of Ge/Si SPAD measured at
1310 nm wavelength [22]. Ge/Si SPAD from ref [23] is excluded
from Fig. 6(b) because their measurements did not use single
photon conditions.

SPDE values of Ge/Si SPADs are expected to reduce as
the wavelength increases from 1310 to 1550 nm, worsening
their NEP values due to reduced photon absorption efficiency.
Hence, the difference in NEP values between Ge/Si SPADs and
InGaAs/AlGaAsSb SPADs is likely to reduce when compared
at 1550 nm wavelength. To improve performance of future
InGaAs/AlGaAsSb SPADs, incorporating optical cavity and
anti-reflection coating to increase SPDE values should be con-
sidered. Considering that the best NEP values and peak SPDE
values occur at small overbias values, addressing DCR would
be worthwhile, so further efforts should also investigate the
dominant cause(s) of DCR and/or refining electric profiles in
InGaAs/AlGaAsSb SPADs.

IV. CONCLUSION

Room temperature single photon detection characteriza-
tion at 1550 nm wavelength was carried out on multiple In-
GaAs/AlGaAsSb SPADs operated in gated mode. In linear
mode, the devices achieved avalanche gain > 540 prior to break-
down and did not show signs of edge breakdowns. In Geiger
mode and using 0.1 photons per pulse, the maximum SPDE was
14 and 9% with DCR of 30 and 68 Mc.s~ !, for 15 and 35 um
diameter devices, respectively. The resultant NEP values are
around an order of magnitude higher than those of InGaAs/InP
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SPADs, but are comparable to InGaAs/InAlAs SPAD. For over-
bias up to 3 V and repetition rate up to 1 MHz, the DCR was un-
affected by afterpulsing. Timing jitters were as low as 150 ps (at
Vv = 2.0 V), matching the performance of InGaAs/InP SPADs
and exceeding those of Ge/Si SPADs. These results represent
a significant improvement over the earlier InGaAs/AlGaAsSb
SPADs, which was unable to detect single photon at room
temperature. With further optimization in device features and
research into dominant DCR mechanism(s), InGaAs/AlGaAsSb
SPADs could be a suitable candidate as practical single photon
detectors for room temperature operation.
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