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Abstract: Photon-number-resolving detectors are in high demand for applications in photonic
quantum technology. In this study, we demonstrate the photon-number-resolving capabilities of our
self-developed, highly efficient InGaAs/InAlAs single-photon avalanche diode. We achieved intrinsic
photon number resolving by harnessing the high multiplication gain generated through an avalanche
process in the InAlAs multiplication layer. With a maximum single-photon detection efficiency of
46%, we were able to distinguish photon number states up to 5 from the signal probability distribution
without encountering avalanche saturation that could otherwise limit the capability of photon number
resolving. We reasonably anticipate that the photon-number-resolving accuracy and capability can be
further improved once the noise issue in such InGaAs/InAlAs SPADs is carefully managed.

Keywords: single photon avalanche diode; photon number resolving detector; single photon
detection efficiency; self-differencing circuit

1. Introduction

Photon-number-resolving (PNR) detection has received growing attention from the
academic and professional literature. Due to the capability of discriminating states between
different photon numbers, the PNR detector has become indispensable in photonic quan-
tum technology, particularly in quantum computation [1-4], quantum metrology [5-7],
and quantum communication [8-10]. In quantum computation, the PNR detector can
be used not only for the deterministic preparation of non-Gaussian quantum states but
also the implementation of non-Gaussian operations. The performance of a continuous
variable quantum-key-distribution (QKD) protocol has been greatly improved in terms of
an increased key rate by replacing the standard homodyne receiver with a PNR detector.
At the present time, owing to the fact that the PNR detector could not resolve photon
numbers faithfully or could provide only a limited capacity for photon numbers, there is
still room for improvement in quantum science, such as quantum-state tomography and
entanglement-based quantum-state preparation.

In the past few decades, a variety of types of PNR detectors have been developed.
The optical field, comprising multiple photons, can be multiplexed into either tempo-
ral modes or spatial modes [11-14], enabling the analysis of photon numbers within an
optical mode using single-photon detectors. A series array of superconducting single-
photon detector (SSPDs), a type of spatial multiplexing scheme, has been demonstrated to
achieve PNR, utilizing either an independent readout for each element or a parallel con-
nection with a single output. A similar array arrangement can be applicable to solid-state
avalanche diodes, forming multi-pixel photon counters (MPPCs) [13,14]. Such spatially
and temporally multiplexed single-photon detectors have been incorporated to measure
the photon-number distribution and point values of Wigner functions [11,15-18]. The
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number of individual click detectors directly determines the photon-number-resolving
capability of these multiplexed single-photon detectors, necessitating a bulky and complex
hardware configuration.

An alternative approach, distinct from temporal- or spatial-mode multiplexing, relies
on intrinsic energy resolution. The optical transition edge sensor (TES) resolves the number
of photons by detecting a slight change in temperature resulting from photon absorp-
tion [19]. However, such a device can only be operated at cryogenic temperatures down to
the millikelvin scale. To extend the applicability of quantum detection and avoid bulky
and expensive cryogenic systems and complex hardware configurations, significant effort
has been devoted to developing avalanche diodes with regulating inherent multiplication
gain. These detectors, without spatial multiplexing and under conventional operation,
can only discriminate zero and nonzero photons. A further implementation such as a
self-differencing circuit is required to cancel the gate transient so that the extremely weak
current associated with the early onset of avalanche build-up can be discriminated. The
first demonstration was reported by [20]. After a decade of effort, the resolvable incident
photon number was still limited to 4, or with low distinguishability due to the poor photon
detection efficiency under very short gating windows of a few hundred picoseconds and
low excess bias [20-23]. The PNR capability of these detectors using single-pixel SPAD, as
well as the measurement conditions, has been summarized in Table 1.

Table 1. Comparison of PNR performance across various reports using single-pixel SPAD.

Laser

. Gated Gate Width  Repetition SPDE Resolvable Figure of
Literature Frequency (0s) Rate (%) Temp. (K) Photon Merit,
(MHz) P ° Number ~ FWHM/AV *
(MHz)
2008
InGaAs/InP 622 - - 10 243 4 0.711
(20]
2009
InGaAs/InP 200 500 1 19 233 4 0.69
(21]
2010
InGaAs/InP 200 700 1 30.5 243 2 1.11
(22]
2019
InGaAs/InP 1000 - - 40 - 3 1.07
(23]
2024
This work 105 1500 26.2 46 200 5 0.99

* In this context, we consistently use Full Width at Half Maximum (FWHM) rather than standard deviation to
compare performance. The standard deviation reported in other studies has been converted to FWHM.

InP- and InAlAs-based single-photon avalanche diodes (SPADs) are currently the
two primary contenders aimed at near-infrared applications. PNR experiments have been
frequently demonstrated by using InP-based SPADs. However, it has been reported that
InAlAs-based SPADs can improve performance in terms of breakdown and temperature
characteristics [24]. The higher avalanche-breakdown probability in InAlAs potentially
results in a higher single-photon-detection efficiency (SPDE) at a lower electric field when
compared to InP-based SPADs [25]. Furthermore, the avalanche-breakdown voltage is
less sensitive to temperature, providing greater flexibility in adjusting the optimal operat-
ing temperature and requiring a less stringent power-supply circuit design. Nonetheless,
tunneling generation remains a challenge for InGaAs/InAlAs SPADs, necessitating the
engineering of the electric field to mitigate tunneling-induced noise. In this report, we
highlight the enhanced capabilities of our self-developed high-efficiency InGaAs/InAlAs



Photonics 2024, 11, 724

30f9

SPAD for PNR applications, leveraging the inherent multiplication gain achieved through
an avalanche process. The achievement of high efficiency was made possible through the
introduction of the concept of dual multiplication layers, which comprehensively improved
the detection performance by reducing the dark count rate, minimizing afterpulses, and
enhancing timing jitter [26]. In relation to the enhancements achieved through this innova-
tive structure, we remain committed to the specialized design on the multiplication layer.
To effectively showcase the improvement in PNR, we introduce an advanced structure
comprising three multiplication layers, featuring a three-staircase electric-field distribution.

2. SPAD Design Concepts

The layer structure and electric-field distribution are shown in Figure 1a,b, respectively.
The design concept addresses the trade-off between the dark count rate (DCR) induced
by tunneling generation, afterpulsing, and timing jitter. We propose an SPAD structure
with a relatively thin multiplication layer compared to conventional SPAD designs, which
typically use a multiplication layer at least 1000 nm thick. The detailed layer structure
of our SPAD device is illustrated in Figure 1a. The structure was grown by molecular
beam epitaxy (MBE) on a semi-insulating InP substrate. We designed a 2000 nm thick
absorption layer to enhance photon absorption efficiency. To mitigate carrier accumulation
at the abrupt InGaAs/InAlAs heterojunctions, we incorporated two grading layers. The
doping concentration of the top field-control layer was carefully selected to maintain a low
yet sufficiently high electric-field strength in the absorption layer, enabling effective drift
of photogenerated carriers to the multiplication layer. Additionally, by introducing two
bottom field-control layers, we segmented the conventional 440 nm thick multiplication
layer in a separate absorption, grading, charge, and multiplication (SAGCM) structure with
two 100 nm thick top multiplication layers and a 240 nm thick bottom multiplication layer.
This segmentation creates a three-stepwise electric-field distribution along the growth
direction, as shown in Figure 1b. The electric-field distribution was calculated using Silvaco
Technology Computer Aided Design (TCAD) tools.

In our design, the two 100 nm thick top multiplication layers, which do not reach
the impact ionization threshold, serve to energize and accelerate carriers towards the
bottom multiplication layer. The 240 nm thick bottom multiplication layer then initiates
subsequent impact ionizations, resulting in a self-sustaining avalanche process. The top
two multiplication layers help build up the initial energy of the carriers and align them
uniformly at the starting point, which is instrumental in avoiding the dead-space effect
and potentially enhancing the timing jitter. This approach allows us to maintain a suitable
applied bias-voltage range while reducing the overall thickness of the multiplication layer.

The dark and illuminated current-voltage characteristics are shown in Figure 1c. The
punch-through and breakdown voltages are determined to be 9 V and 55V, respectively,
with the breakdown voltage defined at a dark current of 10 pA. The abrupt rise around
25 V results from the multiple charge layers and depletion regions due to our specialized
triple multiplication layer, as illustrated by the layer structure in Figure 1la. Based on
the calculated dark current-voltage characteristics and measured capacitance-voltage
characteristics curves, the two abrupt rises at approximately 9 V and 25 V likely correspond
to the first and second punch-through voltages for the absorption layer and the first
multiplication layer.

While demonstrating the improved PNR performance of a single-pixel device, it
becomes evident that an array based on such a single-pixel device can indeed achieve
an impressive PNR capability. In the following sections, we demonstrate that our self-
developed SPAD, utilizing its inherent high multiplication gain provided by introducing a
novel structure design, possesses the ability to unambiguously resolve photon numbers
up to 5 at a maximum single-photon detection efficiency of 46% without arriving at an
avalanche saturation that might impede photon-number-resolving capabilities. Unlike the
superconductor-based PNR detector requiring a bulky and expensive cryogenic system, our
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device can perform PNR at a temperature very close to room temperature, which facilitates
the widespread adoption of PNR detectors.
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Figure 1. (a) Epitaxial layer structure of our self-developed InGaAs/InAlAs SPAD. (b) Calculated
electric-field distribution along the growth direction. The electric field strengths are as follows for
the different layers: 150 kV/cm for the absorption layer, 434 kV/cm for the first multiplication layer,

548 kV/cm for the second multiplication layer, and 590 kV/cm for the third multiplication layer.
(c) Dark current and photocurrent of our self-developed InGaAs/InAlAs.

3. Experimental Details

The SPADs are operated in gated mode, where the applied voltage bias consists of
both a direct current (dc) component and a periodic voltage pulse. The voltage pulse has a
frequency of 104.7 MHz and a pulse width of 1.5 ns. The avalanche signal is superimposed
onto the capacitive signal coupled through a diode junction. A 1550 nm pulsed laser
with a 30 ps pulse duration and a repetition rate of 26.2 MHz, which is one-fourth of
the gate frequency, is employed as the photon source. We obtain a faint laser by passing
the source through a strong attenuator. To ensure the security of real applications and
enable single-photon characterization, the mean photon number in each laser pulse is
kept very low. Therefore, the laser beam is attenuated to the average photon number
of 0.1 and 1 per laser pulse, respectively, for the purpose of the device characterization
and assessment of the PNR capability. In order to resolve the incident photon number, it
is crucial to detect the initial current right after the avalanche buildup. To mitigate the
capacitive response during the gated-mode operation, we implement a self-differencing
(SD) circuit, as depicted in Figure 2a. This SD circuit achieves a suppression ratio of 37.6 dB,
effectively eliminating the common capacitive signal and distinguishing the avalanche
signal, as shown in Figure 2b,c, respectively. As a result, the minor avalanche signal can
be distinguished with a 0.1 mV variation. The measurements are conducted within an
LN2 open-cycle cryostat (Optistat CF, Oxford Instruments, Abingdon, UK), capable of
cooling the device to 77 K. The electrical signals can be both applied and extracted through
the electrical feedthrough of the cryostat. The cooling process effectively suppresses the
presence of dark carriers caused by thermal generation. At a temperature of 200 K, the
SPAD with a three-staircase electric-field distribution has been tested and shown to exhibit
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an SPDE of 46% at a dark count probability (DCP) of 7.5 x 10~3. The SPDE and DCP
dependences on the temperature are shown in Figure 3a. The DCP is recorded over a
wide temperature range for various excess biases in Figure 3b. At low excess-bias levels,
the effectiveness of cooling in reducing the DCP is limited. This suggests that tunneling
generation plays a dominant role in the DCP. It is also worth noting that at a high excess bias,
the DCP decreases as the temperature decreases but halts within the temperature range of
200 K to 250 K, indicating the presence of an afterpulsing effect. By balancing the trade-off
between afterpulsing effects and thermal generation, we chose to demonstrate the PNR
measurement at 200 K. To measure the afterpulsing effect, the output signal is then routed
to a time-correlated single-photon counting module (TCSPC) with a timing resolution
of 4 ps. The recorded counts are subsequently organized into histograms to determine
the afterpulsing probability. The afterpulsing probability increases as the temperature
decreases due to the prolonged trap lifetime at lower temperatures. At a temperature of
200 K and an SPDE of 46%, where the PNR is performed, an afterpulsing probability of
21% is observed.
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Figure 2. (a) Illustration of self-differencing circuit. (b) Output signal without self-differencing circuit.
(c) Avalanche signal obtained after the elimination of the capacitive signal through a self-differencing
circuit. The orange dotted region marks the location of the avalanche signal.
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Figure 3. (a) DCP as a function of SPDE measured at T = 200 K and 225 K. (b) DCP as a function of
temperature at different excess-bias levels.
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4. Photon-Number-Resolving Performance

An ideal PNR detector delivers an output signal that accurately represents the number
of photons of the input signal. However, in practice, non-ideal characteristics of detectors,
such as non-unity photon-detection probability and dark noise, limit the maximum number
of photons the detector can resolve and affect the certainty of assigning the photon-number
state. The photon-number distribution of an attenuated laser would approximately follow
a Poisson distribution. By considering both the response function of the detector and
the photon-number statistics of the attenuated laser, we can derive the probability of the
output signal in response to the input pulse as a combination of each photon-number state,
given as:

P(V) =Y pa(m)-p(n, V). (1)

where p,(17) = ((7ug)"/n!)e”"n represents the probability of containing n photon-
number state with an average photon number of w,,, # is the overall detection efficiency
of the device, and p(n, V) determines the relation function between output signal ampli-
tude and the photon-number state, illustrating the PNR performance in terms of voltage
separation (AV) and full-width at half-maximum (FWHM). Consequently, the photon-
number-resolving performance is recorded by arranging the registered events as a function
of avalanche voltage amplitude.

5. Discussion

Figure 4a illustrates the distribution of peak output signal voltages at various SPDEs
and at a temperature of 200 K for an average photon number of 1. The observed distribution
of peak output signals can be explained using the Poisson superposition of photon-number
states as described in Equation (1), taking into account the experimental parameters of the
mean photon number and signal amplitude. In Figure 4a, the black line represents the
mapping of the 0-photon excited avalanche signal, corresponding to the background noise.
The transparent blue line guides the fitted result of the overall photon-number statistics.
The other solid lines depict the peak voltage states for different photon-number excited
avalanche signals by applying a Gaussian fit to the data. The discrimination level was set to
138 mV to avoid the background noise caused by the small mismatch of the self-differencing
circuit, which was independent of the voltage applied on the APD. It is clearly observed
from Figure 4b that as the SPDE varies from 24% to 46%, both the signal amplitude of
the 1-photon number state and the voltage separation between each photon-number state
increase. This is attributed to the higher multiplication gain achieved at a higher excess bias.
For all photon-number states up to 5 (n = 5), the signal amplitude consistently exhibits a
linear increase with an increasing single-photon detection efficiency (SPDE), implying non-
saturated gain even at the maximum SPDE. However, at higher SPDE levels or higher excess
bias, our device experiences significant DCR and afterpulsing issues, rendering it unable
to detect photons. Furthermore, the spacing between the peaks of each photon-number
state is nearly equidistant at the same SPDE. This implies that the amplitude is indeed
proportional to the incoming photon number and also suggests a reliable assignment
to each photon-number state. The standard deviation, or full width at half maximum
(FWHM), of the 1-photon-number state is also plotted as a function of SPDE in Figure 4c. It
shows a slight increase with increasing SPDE, suggesting a noise-induced broadening of
the photon-number distribution. At the same SPDE, the photon distribution follows the
property of Poisson distribution, with the FWHM increasing as the probability of occurrence
significantly decreases with an increasing photon-number state. In the literature, the ratio of
the standard deviation of the 1-photon-number pulse to the voltage separation is frequently
employed as a measure to evaluate the PNR performance. This ratio is subsequently
calculated and presented in Table 2, alongside other relevant performance metrics. As the
bias voltage increases, the ratio, also named figure of merit (FOM), significantly decreases
from 1.361 to 0.99, indicating that PNR capability improves with higher excess-bias voltages.
The overlaps between the Gaussian fits to one-photon and two-photon states are further
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compared for different SPDE values, as shown in Figure 4d, which is often used to evaluate
the performance of PNR detectors. The overlap area significantly decreases as SPDE
increases, implying that the discrimination of two neighboring photon-number states is
enhanced with higher SPDE. The notably high DCP and afterpulsing observed in the
InGaAs/InAlAs SPAD result in a wide FWHM in each photon-number-state distribution
and lead to some overlap between them. This is due to the random nature of the DCP
and afterpulsing, which hinders the accurate measurement of photon-number statistics.
However, the high gain inherent to such a unique structure also offers a certain capacity
to identify higher photon-number states. We should further emphasize that, unlike the
typically used sub-nanosecond gate widths, our device can resolve photon-number states
up to 5 with a substantially larger gate width of 1.5 ns, albeit at the cost of a notable standard
error. By shortening the gating pulse duration, the overlap of peaks can be reduced, as this
method effectively suppresses both the DCP and the afterpulsing effect.
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Figure 4. (a) Distribution of the peak output signal at different SPDE values of 24%, 33% and 46% at a
temperature of 200 K. Each colored line shows the Gaussian fit for different photon-number states.
(b) Peak voltage amplitude as a function of SPDE for different photon-number states. (c) Full width
at half maximum as a function of SPDE for different photon-number states. (d) Overlap area between
the normalized probability distribution of the one-photon and two-photon states. Inset in (d): gray
region indicates the overlap area.

Table 2. PNR performance at different excess biases.

Excess Bias (%) SPDE (%) Separation, AV (V) FWHM (V) FWHM/AV
2.569 24 0.012 0.01634 1.361
2.766 33 0.016 0.01847 1.154

2.964 46 0.022 0.02178 0.99
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6. Conclusions

We have demonstrated a photon-number-resolving detector based on a high-efficiency
In0.53Ga0.47As/In0.52A10.48 As SPAD. We achieved an SPDE of 46% at 1550 nm, making
the detector highly promising for applications in quantum optics and quantum informa-
tion science, particularly those involving single-photon counting. Notably, this is the
first instance of intrinsic photon-number resolving using InGaAs/InAlAs SPAD without
multiplexed schemes. We have successfully distinguished photon-number states up to
5, increased the voltage separation, and reduced the overlap area by raising the SPDE,
while avoiding avalanche saturation that could limit photon-number-resolving capabili-
ties. The fact that we have not yet reached avalanche saturation implies that there is the
potential to further reduce the peak overlap and hence enhance the PNR performance
once we successfully address the issue of DCR and afterpulsing in our device. In Table 1,
we provide a comparison of PNR performances among recent reports, highlighting the
highest resolvable photon-number state we have achieved and demonstrating a compara-
ble photon-number-state distinguishability at a relatively large gate width compared to
InP-based SPADs. This work also underscores the potential for higher-efficiency SPADs to
enhance the ability to differentiate n from n + 1 photons, a crucial metric for quantum optics
applications. By reducing the gating pulse duration, one can further suppress the noise
and, consequently, enhance the distinguishability and capability of PNR thanks to the high
gain inherent in InAlAs-based SPADs. Alternatively, implementing sinusoidal gating with
a filter scheme can better control the gating window and distinguish the avalanche signal
from the background noise. The current work has enhanced the PNR performance of a
single-pixel SPAD, ensuring its elevated applicability while forming spatial-multiplexed or
time-multiplexed photon-number detectors. Unlike a superconductor-based PNR detector
requiring a bulky and expensive cryogenic system, our device can perform PNR very close
to room temperature, facilitating the widespread adoption of PNR detectors.
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