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ABSTRACT

A key parameter for avalanche photodiodes (APDs) used in quantum optics is single-photon detection efficiency, which
is expressed as a product of external quantum efficiency and the avalanche breakdown probability. APDs with disparate
electron and hole ionization coefficients, described by their ratio, k, are predicted to achieve higher avalanche breakdown
probabilities. Recently, it has been shown that Sb-containing III-V compound semiconductors such as AllnAsSb and
AlGaAsSb exhibit very low k values, typically less than 0.05, indicating a high breakdown probability. This is confirmed
in this paper, which reports AllnAsSb/InGaAs single-photon avalanche diodes reaching breakdown probabilities as high
as 90%.
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1. INTRODUCTION

Recently, the rapid emergence of quantum optics for quantum communications, signal processing, and next-generation
computing has generated expectations of imminent technological breakthroughs. However, many of the necessary
components do not yet meet the required performance standards, or practical implementations are still unavailable. This
is especially true for one of the key components, single-photon detectors, where higher detection efficiency and photon-
number resolution (PNR) are critical. We present a new method to achieve high detection efficiencies in single-photon
avalanche diodes (SPADs). Currently, the most common types of single-photon detectors are
superconducting nanowire single-photon detectors

1.0+ p—— (SNSPDs) and single-photon avalanche diodes (SPADs.

y At cryogenic temperatures, SNSPDs have demonstrated
excellent performance, with photon detection efficiency
(PDE) exceeding 90%, dark count rates below 0.01 cps,
timing jitter as low as 2.6 ps, and dead times compatible
with gigahertz photon-count rates. SPADs, on the other
hand, can operate at higher temperatures, including room
temperature, which is an advantage over SNSPDs, which
—&— AJAsSb k~0.01 require cryogenic cooling. However, a major challenge
—e— [nAlAs k~0.2 for SPADs is achieving very high PDE values, which are
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0.2 —t— [P k~0.45 essential for some quantum optics applications such as

Si k~0.01—0.05 quantum computing. The photon detection efficiency of a

0.0% . | . | . | . | SPAD can be expressed as PDE = ngqg X Pavalanche, Where

o 5 10 15 20 Nege is the external quantum efficiency at unity gain and

Overbias (AVexcess/Voreakdonn %) Pavalanche 18 the avalanche breakdown probability. In

simple terms, Neqe is the likelihood that a photon creates

Figure 1. Avalanche breakdown probability, Payalanche, an electron-hole pair that moves toward the electrodes,

versus excess bias for A1AsSb, InAlAs, InP, and Si after and Payatanche 1S the likelihood that the generated electron

Ref. [1]. or hole triggers a self-sustaining avalanche, or
breakdown.

It has been shown that APDs with low k values have higher breakdown probabilities for a given excess-bias level [1]. This
is illustrated in Fig. 1, which shows Payatanche Versus excess bias for A1AsSb, InAlAs, InP, and Si [2]. The most widely used
SPADs in the infrared use an InGaAs absorber with an InP multiplication region. Signorelli reported InP/InGaAs SPADs
designed for high PDE. A 2 pm-thick InGaAs absorber and an anti-reflection coating produced a QE of 75% [3]. However,
the PDE was 50% since Pavatanche ~ 0.67. Higher QE can be achieved with thick InGaAs absorbers [4] or a waveguide



structure. In theory, InP can reach a Paatanche 0f around 100% for sufficiently high excess bias. However, in practice, the
excess bias needed for this results in unacceptably high dark counts and increased afterpulse rates. The excess noise of InP
is characterized by a relatively high k value of 0.45. Conversely, Si exhibits intrinsically low excess noise, with a k value
0of 0.01 [5, 6]. Recently, a room-temperature Si-based SPAD has been reported [ 7]. The structure combines a Ge absorption
layer to extend responsivity into the infrared with a Si multiplication region to achieve low-noise characteristics. At 1.3
pm wavelength, the PDE and Payalanche Were 12% and 0.5, respectively. Previously, we demonstrated APDs in a new
material system, AllnAsSb, with very low excess noise (k < 0.05) in linear-mode operation [8]. In this paper, we report on
AllnAsSb SPADs with a PDE of 52% and an avalanche breakdown probability as high as 90%.

2. AllnAsSb AVALANCHE PHOTODIODES

The III-V compound quaternary AldnixAsySbiy has material characteristics that make it attractive for low-
noise linear-mode APDs and high-detection-efficiency SPADs. The equivalent bandgap energy can be tuned
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Figure 2. (a) The noise-figure-analyzer-based setup for
measurements above 10 MHz. (b) The spectrum-analyzer-
based setup for measurements between ~20 kHz and ~400
kHz. (c) The excess noise factor versus gain for a 100-um
diameter Aly7InAsSb PIN using the two different setups in

(a) and (b).
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patterning a 500 nm thick layer of SU-8 photoresist.

from approximately 1 pm to 5 um by adjusting the Al
concentration, which can be used to design APDs that
operate from the visible to the mid-wavelength
spectrum. Going forward, AldnixAsySbiy will be
referred to by its Al concentration as AlxInAsSb.

Excess noise factor measurements were carried out
using two setups [9]. The first measured the excess
noise factor above 10 MHz with an Agilent 8973 Noise
Figure Analyzer (NFA). The second method, designed
by Leonardo DRS, Inc., allows measurements at
frequencies as low as approximately 20 kHz using a
low-noise transimpedance amplifier and an Agilent
E4440A spectrum analyzer (SA). Block diagrams of
these setups are shown in Figures 2(a) and 2(b). The
two measurements are plotted in Fig. 2(c). The
difference is no more than 8%.

3. AlInAsSb SINGLE-PHOTON AVALANCHE
DIODES

Figure 3 shows the epitaxial layer structure of an
Al0.79InAsSb  Separate  Absorption, Charge, and
Multiplication (SACM) SPAD and the electric field profile
after punch-through. The structure was grown on a semi-
insulating InP substrate using molecular beam epitaxy.
Highly doped InGaAs layers were added at the top and
bottom of the SACM structure as contact layers. The
multiplication region is Al0.79InAsSb, and the absorber is
InGaAs. Between the multiplication region and the InGaAs
absorber, the bandgap is continuously graded to prevent
charge trapping at the interface [11]. Mesa structures were
etched through standard photolithography and wet etching in
citric acid, phosphoric acid, hydrogen peroxide, and water.
The mesa sidewalls were passivated by spinning and
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Figure 3. Schematic cross section of Aly79InAsSb/InGaAs SACM APD and

electric field profile..

Figure 4 shows the photocurrent
and dark current of a 150 pm-
diameter  Alo79InAsSb/InGaAs
SACM SPAD at 200K. These
SPADs were designed to have the
punch-through near the
breakdown voltage to reduce the
electric field in the absorber, thus
decreasing dark current and dark
counts.

To accurately determine the
avalanche breakdown probability,
it is essential to obtain a precise
value for the unity-gain external
quantum efficiency (EQE). For
SACM structure APDs, this
becomes complicated if there is
gain at punch-through, which
depends on the doping level in the
charge layer. In such cases,
responsivity is given by the
product of quantum efficiency and
avalanche gain. We employed

three methods to estimate the quantum efficiency. First, the electric field profile was calculated for voltages above the
punch-through using the CHARGE solver in ANSYS Lumerical simulation software. Next, the field dependence of the
ionization coefficients was used to determine the gain [12,13,14], and the efficiency was derived from the measured
responsivity. This approach yielded an EQE of 55%. A wafer similar to the one shown in Fig. 4, but with lower charge-
layer doping, was used for the other two methods. For this wafer, the punch-through voltage was 45 V, with a flat
photocurrent region extending a few volts above the punch-through voltage. A power meter measured the input optical
signal level within the flat photocurrent region. The EQE determined by this method was 57%. Lastly, the spectral response
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Figure 4. Photocurrent and dark current of 150 pm-diameter

Alp.79InAsSb/InGaAs SACM APDs

was measured using a tungsten-halogen
light source, a spectrometer, a lock-in
amplifier, and a calibrated Ing s3Gag 47As
PIN photodiode. The EQE found was
55%. We note that the absorption layer
is only 1 um thick, there is no anti-
reflection coating, and the structure is
such that photons make a single pass
across the absorber, meaning there is no
“back reflection.” Higher detection
efficiency can be achieved by using
thicker InGaAs absorption layers and
adding an anti-reflection coating on the
top surface.

The gated-quenching circuit used for
single-photon characterization has been
described in a previous work [15]. The
over-bias level was set by applying
square gate pulses with rise and fall
times of 100 ps and a width of 5 ns at a
repetition rate of 10 kHz. A 1550 nm
DFB laser was coupled into a cryo-



chamber using a single-mode optical fiber and connected to the front surface of the SPAD through a cleaved fiber. The
fiber was aligned by illuminating the SPAD while biased above its punch-through voltage and then maximizing the
photocurrent. A digital variable optical attenuator (VOA) was used to reduce the optical power level to 0.1 photons per
pulse. A PicoQuant HydraHarp 400 counter was used to measure count statistics, with the discriminator level set to the
lowest voltage possible without counting from the circuit's capacitive transients.
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Figure 5. Normalized dark count rate versus photon detection efficiency of Alo.79InAsSb SACM SPAD 200K.
Also shown are state-of-the-art results for InP/InGaAs SPADs [1,16,17]
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photon detection efficiency reaches
52%, which is comparable to the best
InP/InGaAs SPADs; however, the
dark counts are significantly higher.
This may be due to the more mature
o InP material technology or the fact
that Al compounds grown by
molecular beam epitaxy are prone to
oxygen impurities. Growth
techniques that have successfully
, ’ . r ’ y reduced defect levels in other
2 3 4 5 6 materials, such as changing substrate
orientation or adjusting the cracking
temperature for the column V
elements, are currently being
investigated.
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Figure 6. Average avalanche breakdown probability versus over bias
voltage.



The avalanche breakdown probability was calculated using the external quantum efficiency and PDE measurements shown
in Figure 5. Figure 6 shows the average Payaianche Values for six Alp79InAsSb SACM SPADs as a function of over-bias
voltage. The measured Pavatanche rises rapidly with over-bias, reaching an average of 90 + 3% at an over-bias of 3%, the
highest value reported to date.

CONCLUSIONS

In conclusion, the single-photon characteristics of an Alg.79InAsSb/InGaAs SACM SPAD were demonstrated, achieving a
photon detection efficiency of 52%. The low k value of the Alo79InAsSb multiplication layer allowed an avalanche
breakdown probability as high as 90% at an over-bias level of 3%. These results offer a pathway toward single-photon
detection efficiencies approaching 100% at moderate cryogenic temperatures. Furthermore, the moderate-temperature
operation of this III-V compound SPAD is an important step toward integrated waveguide-coupled SPADs as components
in photonic integrated circuits.
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