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The fast development of mid-wave infrared photonics has increased the
demand for high-performance photodetectors that operate in this spectral
range. However, the signal-to-noise ratio, regarded as a primary figure of
merit for mid-wave infrared detection, is strongly limited by the high dark
currentin narrow-bandgap materials. Therefore, conventional mid-wave
infrared photodetectors such as HgCdTe require cryogenic temperatures to
avoid excessively high dark current. To address this challenge, we report an
avalanche photodiode design using photon-trapping structures to enhance

the quantum efficiency and minimize the absorber thickness to suppress
the dark current. The device exhibits high quantum efficiency and dark
current density that is nearly three orders of magnitude lower than that of
the state-of-the-art HgCdTe avalanche photodiodes and nearly two orders
lower than that of previously reported AllnAsSb avalanche photodiodes
that operate at 2 um. Additionally, the bandwidth of these avalanche
photodiodes reaches -7 GHz, and the gain—-bandwidth productis over
200 GHz; both are more than four times those of previously reported 2 um
avalanche photodiodes.

Mid-wave infrared (MWIR) photonics, typically referring to the wave-
length range of 2-5 pum, has the potential to enable next-generation
breakthroughs in awide area of applications, including sensing’, spec-
troscopy”?, medical diagnostics*’ and communications®. Recently,
MWIR devices were successfully integrated into silicon platforms
to realize MWIR silicon photonics’, which substantially expands the
application scope of MWIR photonics. As a key receiver component
inaphotonicsystem, thereis escalatinginterestin high-performance
MWIR photodetectors.

For applications in the MWIR range, a primary figure of merit
is the signal-to-noise ratio (SNR), defined as the ratio between the
signal and noise powers. However, improving the SNR performance
of MWIR photodetectors is very challenging due to the weak signal
power for many applicationsin the MWIR range. Imaging and sensing
require the detection of signals from a long distance through free

space, meaning the optical signal that reaches the photodetector
is usually weak and, in some instances, may reach the few-photons
level. Consequently, avalanche photodiodes (APDs) are attractive
for MWIR detection owing to their low-noise internal gain, which can
amplify the weak optical signal above the thermal and circuit noise,
resulting in improved SNR. However, APDs also boost the shot noise
current due to the random nature of the impact ionization process,
referred to as the excess noise, which can degrade the SNR. However,
in addition to the excess noise, in the MWIR range, APDs can also suf-
fer from detrimentally high dark current. Narrow-bandgap materials
used to absorb the mid-wave optical signal, such as HgCdTe (ref. 8),
InAs/GaSb type-ll superlattice (T2SL) (ref. 9) and InAs/InAsSb type-II
strained-layer superlattice (T2SLS) (ref. 10), are typically a source of
high dark current due to the Shockley-Read-Hall generation, tunnel-
ling or even thermal generation over the narrow bandgap. Therefore,
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Fig.1|Photon-trapping SACM APD structure. a, Schematic view. b, Cross-
sectional view of the epitaxial layer structure. From the top of the device, the
compositions of the layer material are listed as follows: (1) InAs cap layer, p*,
1x10%cm™; (2) Aly,InAsSb contact layer, p*, 9 x 10" cm™; (3) Al ,InAsSb blocking
layer, p,1x 10" cm; (4) Al,5InAsSb blocking layer, p,1x 10" cm™; (5) Al ;InAsSb
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absorber, UID; (6) Al 5., ,InAsSb bandgap grading layer, p, 6 x 10" cm™; (7)
Aly,InAsSb charge layer, p, 3 x 107 cm™; (8) Al ,InAsSb multiplication layer, UID;
(9) Al,;InAsSb contact layer, n*, 5 x 10" cm™; (10) Al ;InAsSb contact layer, n*,
5x10%cm™; (11) GaSb buffer layer, n,1x 10" cm™; (12) GaSb substrate.

conventional MWIR photodetectors, such as HgCdTe photodetectors®,
needtobe cooled to cryogenic temperatures to avoid excessively high
dark current. Thisadds to the cost, complicates packaging and system
design, and limits the mobile application space. Therefore, reducing
thedark current of MWIR APDs is anecessary challenge forimproving
the device performance.

Recently, we demonstrated the first 2 pm separate absorption,
charge and multiplication (SACM) APDs" based on the digital alloy
AlIn,_,As Sb, , materials system' and achieved comparable dark
currentwithaHgCdTe APD at nearly 100 K higher operating tempera-
ture. One approach to further improve the SNR is to reduce the dark
current. Since the primary source of dark currentis the narrow-bandgap
absorber, one of the most straightforward solutions is to reduce its
thickness. A thinner absorber, however, reduces the photon absorp-
tion and quantum efficiency, which degrades the SNR. Therefore,
the goal is to maintain a high quantum efficiency within an ultrathin
absorber, and one of the most effective approachesto achieve thisis to
use photon-trappingstructures, such as photonic crystals” ™ or metal
plasmonicstructures'®”. To date, these approaches have not been dem-
onstrated for MWIR APDs. Recently, we proposed a photon-trapping
approach toimprove the quantum efficiency of an SACM APD with an
ultrathin absorber using submicrometre metal grating arrays'®. The
simulation showed that the quantum efficiency canbe increased more
thanfour times that of a planar surface. Thisenhancement comes from
diffracting and coupling normal-incident light into the laterally propa-
gating mode inside the absorber. In this work, we describe the design
and experimentally demonstrate the first photon-trapping-enhanced
2 um APDs.

Design

A schematic of the photon-trapping SACM APD and a cross-section
schematic of the epitaxial layers are shown in Fig. 1a,b, respectively.
A narrow-bandgap Al,;InAsSb layer (E, = 0.58 eV) is used to achieve
efficient absorption at 2 um. The thickness of the unintentionally
doped (UID) absorber has been reduced to 200 nm to suppress the
dark current from the narrow bandgap and still support a waveguide
mode in the absorber to enable the photon-trapping mechanism

of the structure’®. Wide-bandgap Al,,InAsSb (E, = 1.16 V) is used as
the multiplication layer. As an APD, this material has been shown
to exhibit low dark current, high gain and excess noise comparable
with that of Si (ref. 11). The thickness of the multiplication layer has
been designed to maximize the gain-bandwidth product, account-
ing for the thickness tradeoff between a high maximum gain and a
high gain-bandwidth product. A critical consideration for SACM
APDs is the charge layer, which is designed to provide sufficient
electric-field contrast between the absorber and multiplication
region. This helps avoid early device breakdown and maintain a
moderate punch-through bias. An Al ;. ,InAsSb grading layer with
continuously graded Al composition is used to provide a smooth
bandgap variation from the absorber to the multiplication region.
This facilitates efficient electron injection and enables a high transit-
time bandwidth.

To maintain high quantum efficiency within the ultrathinabsorber,
photon-trapping structures using two-dimensional rectangular
lattice were incorporated with metal grating arrays on top of the
device (Fig. 2a). With the optimized grating dimensions (spacing,
598 nm; duty cycle, 0.82; thickness, 380 nm) (Fig. 2b), the external
quantum efficiency (EQE) canbe theoreticallyincreased to~36%, which
isnearly five times that of the planar surface (Fig. 2c). The mechanism
for absorption enhancement is twofold. First, the narrow-bandgap
Al ;InAsSb absorber has a higher refractiveindex than the surrounding
wide-bandgap layers, and therefore, waveguide modes are supported
inthe absorber. Whennormal-incidence light reaches the periodic grat-
ing arrays, itis diffracted and can laterally couple into the waveguide
modes inthe absorber, that is, the absorption is enhanced by photon
trapping. The distribution of the magnetic-field profile is simulated and
plotted (Fig. 2d), which indicates strong field confinement inside the
absorber. The other enhancement comes from the plasmon-enhanced
transmission effect'*” and near-field diffraction characteristic of
the metal grating?*. This can enhance the efficiency of the lateral
coupling process, making it more efficient than using adielectric grat-
ing or photonic crystal’®. More details regarding the photon-trapping
mechanism of the photon-trapping structure are discussed in our
previous theoretical work’®,
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Fig. 2| Details of the metal grating array. a, Designed dimensions. b, Scanning
electron microscopy image of the fabricated photon-trapping SACM APD. The
inset shows a high-magnification view of the grating region. ¢, Simulated EQE
ofthe photon-trapping SACM APD with the designed grating dimensions; the
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dashed lines show the EQE of the first 2 pm AllnAsSb SACM APD with a1-um-
thick absorber™. d, Normalized distribution of the square of the magnetic-field
intensity |H|*at the cross section of the device. The region between the two
dashed lines represents the 200-nm-thick Al ;InAsSb layer.

Experiment

The designed layer structure (Fig. 1b) was grown by molecular-beam
epitaxy as a digital alloy lattice matched to an n-type GaSb substrate
comprising four binaries: AlAs, AISb, InAs and InSb. The wafer was
fabricatedinto circular mesastructures by standard photolithography
techniques and citric acid wet etching. Finally, submicrometre metal
grating arrays were fabricated on top of the mesa by electron-beam
lithography and metal lift-off process. Itis worth noting that the metal
was deposited as astack of 10 nm Tiand 370 nm Au, where the Ti layer
is used to improve adhesion between Au and the semiconductor.
A scanning electron microscopy image of the fabricated photon-
trapping SACM APD is shownin Fig. 2a. The performance of these APDs
ischaracterized as follows.

Gainand noise

Figure 3ashows the room-temperature current-voltage (/- V) curves of
a100-pm-diameter device under 2 pmlaser illumination. The photocur-
rent punch-through occurs at almost -16 V, indicating the extension
of the electric field into the absorber, and the photogenerated car-
riers begin to be injected into the multiplication layer. Before calcu-
lating the gain, it is worth noting that at the punch-through voltage,
the gain is not necessarily unity and needs to be fitted by the excess
noise measurement. Details regarding the fitting method can be found

elsewhere®. After fitting with the excess noise measurement, the gain at
the punch-through voltage (16 V) was determined to be -4. Therefore,
the absolute gain of the device at a voltage above punch-through can
be calculated by multiplying the relative gain at that voltage compared
with the signal at =16 V by the fitted gain at punch-through, i.e., 4. The
calculated absolute-gain curveis plotted in Fig. 3a (right vertical axis).
To explore the maximumgain level of the device, the gain curve was also
measured at 240 K to reduce the dark current and using high optical
attenuation to minimize the gain saturation effect. Asshownin Fig. 3b,
the maximum gain of the device approaches ~700 at 240 K with low
optical intensity (-10 nW). To the best of our knowledge, this is the
highest demonstrated gain for 2 um APDs using I1I-V semiconductors.

Althoughthe SNR of the photon-trapping SACM APD benefits from
its high gain, the shot noise current is also amplified®:

Ighot = ZqMZ (Iphoto + Idark)F(M)Af, (6))
where gistheelectron charge; Mis the multiplication gain; F(M) isthe
excess noise factor; Afis the operating bandwidth; and /4., and /g
arethe photocurrentand dark current, respectively. The excess noise
factor F(M) is expressed as™:

F(M)=kM+(1—k)(2—Al4), 2)
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Fig.3| Current-voltage, measured gain and excess noise measurements.

a, Measured current-voltage and gain curves of a100-um-diameter device at
room temperature. b, Measured gain curves of the device at 240 K with different
optical attenuations. ¢, Measured excess noise factors of the device under 2 pm
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illumination; the solid line shows the theoretical excess noise factors for k values
from 0.01to0 0.20.d, Measured dark current density at various temperatures; the
dark current densities of the state-of-the-art 2 pm HgCdTe APD® and AlInAsSb
APD" are plotted for reference.

where Mis the gain and k is the ratio of the electron (a) and hole ()
impactionization coefficients. To characterize the excess noise of the
device, the excess noise factor F(M) as afunction of multiplication gain
Mis measured and plotted (Fig. 3c). The theoretical excess noise factors
for kvalues from 0.01to 0.20 were also calculated using the local-field
model®. Under 2 pmillumination, the measured k value of the device
is approximately 0.01, consistent with previously reported AllnAsSb
APDs"?. This value is extremely low compared with conventional IlI-V
semiconductor APDs and is comparable with that of silicon APDs?".

Dark current

As discussed above, dark current is one of the primary noise sources
in MWIR APDs due to the narrow-bandgap material. It substantially
contributes to the total shot noise of the device, as indicated by
equation (1). To evaluate the dark current performance, temperature-
dependent dark current density was measured (Fig. 3d). Thereferences
(Fig.3d, dashed lines) to a state-of-the-art HgCdTe APD® and AlinAsSb
APD" are also included for comparison. It is evident that at the same
temperature, the dark current density of the thin absorber is nearly
two orders lower than the AlinAsSb APD with a 1-pm-thick absorber
and nearly three orders lower than the state-of-the-art HgCdTe APD®.

Quantum efficiency

Although the thin-absorber-based SACM APD shows high gain
and low noise due to the largely suppressed dark current and low k
value, the ultrathin absorber results in low quantum efficiency and
reduced SNR. To verify this, the EQE of the device was measured under
surface-normal illumination using a 2 pum semiconductor laser. The
result shows that although the EQE of the planar surface deviceis ~7%
at 2 um, the photon-trapping-enhanced device shows EQE of ~22%.

40

—— Simulation

V¥ Measurement
(2 pm laser)
30 -

20 1

EQE (%)

0 T T T T T
580 590 600 610 620
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Fig. 4 | EQE for different grating spacings. Measured EQE of the photon-
trapping SACM APD versus grating spacing.

Although the measured efficiency is still lower than the simulated
value of ~-38%, the achieved 22% EQE is more than three times that
of the bare surface device and is even 2% higher than the previously
reported EQE of the 2 um SACM APD with a 1-um-thick absorber".
The difference between the measured and simulated EQE is primar-
ily caused by fabrication limitations, including the metal thickness,
pattern shape, sidewall bevel angles and possible oxidization of the
Tiadhesion layer. Together with lower dark current provided by the
ultrathinabsorber design, the SNR of the photon-trapping SACM APD
could reach~70 times that of the first 2 um AlinAsSb SACM APDs" and
~20 times that of the state-of-the-art HgCdTe APD® under low optical

Nature Photonics | Volume 17 | July 2023 | 594-600

597


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-023-01208-x

Ti/Au contact

Cleaved edge

@)

b 100

O IQE (simulated)

EQE (simulated)

X 801 e EQE(measured)
=S o SRR
[9)
c
Q0
2
&
3]
£
3
2
s
5 ° [ ] ]
a

0 T y y y y

0 1 20 30 40 50 60

(1]
Q.
©

BW (GHz)

Normalized response (dB)

—=— 40 x 45 pm®, BW
—e— 40 x 25 pm?, BW
—a— 20 x 40 pm?, BW
—— 10 x 55 pm’, BW
150 —+— 10 x 35 pm?, BW
wemes 40 x 45 pm?, GBP

4200

100

wvees 10 x 55 pm?, GBP
<4 10 x 35 um’, GBP

(zH9) d99

50

Frequency (GHz)

Fig. 5| EQE and bandwidth of the edge-coupled waveguide APD. a, Schematic
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Table 1| Major performance parameters of photon-trapping
APDs in this work, AlinAsSb APDs and state-of-the-art
HgCdTe APDs at2pm

Device Jark Gain EQE Bandwidth Gain-
bandwidth
product

Presentwork 1x10®Acm? -~700  ~-22% ~7GHz ~200GHz

(180K)

2um 6x10°Acm™? ~200 ~20% ~1.5GHz ~44GHz

AlinAsSb (180K)

APD'

2umHgCdTe 2x10“Acm? -1,000 -~75% Notreported Not reported

APD® (125K)

intensity. More details about the SNR calculationand comparison are
provided in the Supplementary Information.

Tofurtherinvestigate the absorption enhancement mechanism of
the photon-trapping structure, the EQE was measured with different
grating spacings, and the result is shown in Fig. 4. It is clear that the
measured efficiency decreases when the spacing differs from the opti-
mum value of 596 nm, which follows the trend predicted by the simula-
tion. This result is consistent with the analysis done elsewhere'®, that
is, photon trapping functions as agrating coupler, and therefore, the
peak wavelength and grating spacing comply with the Bragg condition.

Since one of the enhancement mechanisms of the photon-trapping
structure is lateral coupling, an alternative solution is coupling to
the absorber waveguide through the edge of the device (Fig. 5a). The
edge-couplingapproach canbe highly efficient, and moreover, it may
be more compatible with applications such as a fibre array packaged
deviceoraphotonicintegrated circuit. Figure 5b shows the simulated
internal quantum efficiency (IQE), simulated EQE and the measured
EQE of waveguide devices using alensed fibre to couple into the cleaved

edge. More details about the measurement steps and calibration are
included in the Supplementary Information. The results show that
the EQE quickly saturates with the waveguide length after -20 pm, as
expectedinthe simulation, and finally reaches ~24%, whichis compara-
ble withthe photon-trapping approach. Since thereis no anti-reflective
coatingonthe edge, the EQE could be furtherimproved to~35% (ref. 18).

Bandwidth

Inaddition to suppressing the dark current toimprove the SNR, another
aspect of the ultrathin absorber design is to achieve high transit-time
bandwidth. A high-speed device is possible using a small device area
to provide high RC time bandwidth. Figure 5c shows the frequency
response curves of al0 pm x 35 pm device at various bias voltages. The
extracted 3 dBbandwidth and gain-bandwidth product of the devices
with different dimensions are summarized in Fig. 5d. For each device,
the bandwidth firstincreases with the gain, peaksat-10 and then starts
todecrease. Theincrease in bandwidth before again value of 10 is due
toinsufficient voltage to fully deplete the absorber at punch-through.
The decrease in bandwidth at higher gain is caused by the avalanche
build-up time. Nevertheless, the gain-bandwidth product keeps
increasing after M =10 and then saturates. As shownin Fig. 5d (purple
curve), the10 um x 35 pm device reaches amaximum 3 dB bandwidth
of ~7 GHz and again-bandwidth product of over 200 GHz. As shownin
Table1, both these values are more than four times those of the previ-
ous record bandwidth for a2 um APD*,

The measured bandwidth of the devices showed a clear area
dependence, which may indicate an RCtime bandwidth limit. To further
understand the bandwidth limit, microwave scattering parameters (S;)
were measured and fitted to the equivalent circuit model of a photodi-
ode to calculate the theoretical bandwidth. The result shows that the
theoretical RCtime bandwidthis 55.9 GHz for the 10 pm x 35 umdevice,
which is much higher than the measured 3 dB bandwidth. If no other
bandwidth componentexists, the transit-time bandwidth hastobeless
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than10 GHz, whichis much lower than the simulated value of -31 GHz.
The additional factoris attributed to the conductive GaSb substate. As
reported elsewhere®, a highly doped substrate can cause severe RF loss
at high frequency and substantially limit the device speed. Neverthe-
less, by growing the device on a semi-insulating InP substrate in the
future, the bandwidth of the device can be substantially improved,
offering the potential to reach over 30 GHz.

Conclusion

We report anew MWIR SACM APD design with an ultrathin absorber
to suppress dark current without sacrificing quantum efficiency by
using photon-trapping structures. The device exhibits extremely low
dark current, nearly two orders lower than the first 2 um AllnAsSb
APDs and nearly three orders lower than the state-of-the-art HgCdTe
APDs. Atthe same time, the quantum efficiency reaches -22% by using
aphoton-trapping structure and ~24% through edge coupling. Moreo-
ver, the maximum gain of the device is as high as ~700 at 240 K. Con-
sequently, the SNR is improved more than 70 times that of the first
2 um AllnAsSb APDs and nearly 20 times that of the state-of-the-art
HgCdTe APD under low optical intensity. Additionally, the thin absorber
design also enabled improved bandwidth. The frequency response
measurement shows that the maximum bandwidth reaches ~7 GHz,
and the gain-bandwidth product is over 200 GHz. Both these values
are more than four times those previously reported for 2 pm APDs
(Table1).Inaddition to the performanceimprovement, thisis also—to
the best of our knowledge—the first time that photon-trapping struc-
tures are demonstrated on an APD. This idea breaks the low dark cur-
rent and high-efficiency performance tradeoff for the detection of
low-level signals in the MWIR regime, which could be further applied
to alonger-wavelength-cutoff APD in the future.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
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Methods

Epitaxial growth

The designed layer structure (Fig. 1b) was grown by molecular-beam
epitaxy at 460 °C lattice matched to an n-type GaSb. Solid-source
valved crackers provided As, and Sb fluxes, and solid-source effusion
cells provided Al, Ga, In, Be (acceptor) and GaTe (donor) fluxes. The
Al InAsSb layers were grown as digital alloys of stable binaries using
arepeating-period shutter sequence: AlSb, AlAs, AISb, InSb, InAs and
Sbsoak. Further growth details and optical properties of the resulting
material are reported elsewhere®.

Device fabrication

The wafer was fabricated into circular mesa structures by standard
photolithography techniques and citric acid wet etching. Finally, sub-
micrometre metal grating arrays were fabricated on top of the mesa
by electron-beam lithography and metal lift-off process. It is worth
noting that the metal was deposited as astack of 10 nm Tiand 370 nm
Au,wherethe Tilayer is used to improve adhesionbetween Au and the
semiconductor. A scanning electron microscopy image of the fabri-
cated photon-trapping SACM APD is shown in Fig. 2a. The performance
of these APDs is characterized as follows.

Band diagram and electric-field profile simulation

The band structure and electric-field intensity profile of the
photon-trapping SACM APD were obtained by Lumerical CHARGE
solver. The dopinglevel in the simulation was assumed to be the same
asthe designed value (Fig. 1b).

Current-voltage characteristics

The current-voltage characteristics were measured with a Keithley
2400 source meter. A 2 pm temperature-stabilized laser coupled to
alensed fibre was used as the optical source. Temperature depend-
ence measurements were performed in a liquid-nitrogen-cooled
cryogenic chamber and measured with an HP 4145 semiconductor
parameter analyser.

Multiplication gain

Although the punch-through voltage indicates that the charge layer is
fully depleted, this does not mean the electric-field magnitude in the
multiplication regionis at theimpactionization threshold. Infact, the
electricfield could be above or below this threshold, meaning M >1or
M=1at the punch-through voltage, respectively. In the former case,
there is gain in the multiplication region before punch-through and
the true unity-gain point occurs at a slightly lower reverse bias. In
the latter case, a higher electric field is required in the multiplication
regionbeforeimpactionization canoccur, meaning that unity gainis at
ahigherreverse bias thanthe punch-through voltage. For this reason,
the unity-gain point must be determined by another factor that scales
with the gain, namely, the excess noise (see the ‘Noise power’ section).
Here the unity-gain point was determined by computationally fitting
the measured excess noise to the change in photocurrent using an
established method*. This methodology results in both best-fit gain
and k-factor values.

Capacitance-voltage characteristics

The capacitance-voltage characteristics were measured under
blackout conditions with a calibrated HP 4275A LCR meter at 1 MHz
to verify the operation voltage of the photon-trapping SACM APD. The
depletion width was estimated using the measured capacitance and
dielectric constant of AlinAsSb. The charge layer is depleted at almost
-16 V where the electric field reaches into the absorber. It is worth
noting that the measured punch-through voltage is about 3 V higher
than the designed value, which is suspected to be caused by dopant
diffusion from the charge layer into the surrounding UID layers.

The capacitance-voltage measurement also indicates that the
absorber is not fully depleted right after the punch-through voltage,
whichis consistent with the analysis for the bandwidth increase before
M =10, as discussed in the main text.

EQE

Thenormal-incidence responsivities were measured at punch-through
using a high-pressure xenon-gas laser-driven light source, a mono-
chrometer and alock-in amplifier. Photocurrents were normalized to
a calibrated strained-layer InGaAs photodiode. For edge-coupled
quantum efficiency measurements, a continuous-wave optical input
from a temperature-stabilized 2 pm semiconductor laser polarized
by a polarization controller was coupled into the device through a
lensed fibre. The photoresponse was collected by directly probing the
devicewithaground-signal-ground probe and the photocurrent was
measured with a source meter. The steps for quantum efficiency
measurement are described as follows. First, the cleaved device was
probed by the ground-signal-ground probe, and the d.c. bias was
fixed at the punch-through voltage, thatis, -16 V (as discussed in the
maintext). Then, light was coupled into the edge of the device, whereas
the polarization, positions and angles of the lensed fibre were adjusted
to provide the highest photocurrent. The lensed fibre was then
removed from the device and inserted into an optical power meter
with an integrating sphere to measure the input optical power. The
responsivity was calculated using the expression R = e \here
I .o and I, are the measured total current and dark currepnt, respec-
tively, and Pis the measured optical power. The quantum efficiency
can be calculated as 7 = %, where M is the multiplication gain of
the device at the measured bias, Ais the wavelength (in um) and R is
the responsivity.

Noise power

The devices were biased with a Keithley 2400 source meter. A2 um
temperature-stabilized laser coupled to a lensed fibre was used to
illuminate the APDs. The a.c. component of the output current was
measured with an Agilent 8973A noise figure analyser through a
standard radio-frequency bias-tee. Careful system calibration was
carried out via a calibrated Agilent 346A noise source to remove the
background noise.

Data availability

The datathat support the plots within this paper and other findings of
this study are available from the corresponding author upon reason-
ablerequest.
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