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Abstract

A channel-capacity metric is introduced for assessing the performance of single-photon avalanche
photodiodes (SPADs) when used as detectors in laser communication systems. This metric is employed
to theoretically optimize, with respect to the device structure and operating voltage, the performance
of SPADs with simple InP or In/sub 0.52/Al/sub 0.48/As-InP heterojunction multiplication regions. As
the multiplication-region width increases, an increase is predicted in both the peak and the full-width
at half-maximum of the channel capacity curve versus the normalized excess voltage. Calculations also
show the existence of an optimal In/sub 0.52/Al/sub 0.48/As-InP heterojunction multiplication region
that maximizes the peak channel capacity beyond that of InP.

SECTION I. Introduction

A commonly used performance metric for the performance of Geiger-mode avalanche photodiodes
(APDs), also known as single-photon avalanche photodiodes (SPADs), is the single-photon quantum
efficiency (SPQE), which is also referred to as the detection efficiency [1]. Another important metric is
the dark-count probability P;, which is one of the key factors affecting the SPQE. These metrics are
well accepted and established for sensing applications, where the objective is to assess the capability
of the SPAD in detecting and counting individual photons by examining the detection and false-alarm
probabilities.
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Fig. 1. SPAD communication channel.

Today, however, there are emerging applications in laser communications that require the use of
SPADs as detectors [2], as they are used to determine the presence or absence of a photon in
individual bits of optically transmitted binary data. For these applications, we can view the SPAD as a
binary channel, in which case the channel capacity would be the natural metric for assessing the
performance of the SPAD. In this context, the relevance of the channel capacity as a performance
metric is clear: It represents the maximum rate of information we are allowed to transmit while
maintaining the ability to reduce the bit-error probability to an arbitrarily small value through proper
modulation and encoding for error correction [3]. Indeed, for certain deep-space communication
systems, the current state of the art in single-photon detection is inadequate to achieve acceptable bit-
error probabilities [2]. Reliable operation of such systems would require effective error correction and
modulation of the data to be transmitted. Thus, knowledge of the channel capacity of an SPAD is
crucial since it provides the fundamental limit of the rate of information-transmission above which
reliable operation is impossible.
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In this letter, we introduce the notion of channel capacity for single-photon detectors and utilize it to
optimize the performance of SPADs with simple (InP) or heterojunction (Ings2 Alo.ag As—InP)
multiplication regions. The optimization is performed over the operating voltage and the width of the
multiplication region. It is shown theoretically that if the operational reverse-bias voltage of the SPAD
is optimized with respect to the SPQE, the channel capacity achieved at that voltage is significantly
below the maximum achievable value, which can be realized at a different voltage.

SECTION Il. Channel Capacity

Consider the binary channel shown in Fig. 1 representing the input—output relationship of an SPAD. We
call this channel the SPAD channel. The random variables X € {0,1} and Y € {0,1}represent,
respectively, the possible input and output alphabets. In particular, X=0 represents the case when no
optical power is present in a bit (zero signal) while X=1 corresponds to the case when an optical power
is present. Similarly, Y=0 means that no avalanche breakdown has occurred during the detection
period (bit) of the SPAD while Y=1 represents the occurrence of an avalanche breakdown. With these
definitions, the transition probabilities of the SPAD channel can be identified with the total detection
probability and the dark-count probability, which are described as follows. The total detection
probability P, is the probability that either a dark carrier or a photon triggers an avalanche breakdown
given that there is an optical pulse during the detection period. It is given by P,, = 1 — e~("PaNo+QaNa),
where P, is the probability of an avalanche breakdown caused by a photocarrier that is injected into
the multiplication region, Q, is the probability that a dark carrier (generated at a random location in
the multiplication region) triggers an avalanche breakdown, and N is the average number of dark
carriers generated in the multiplication region during the detection time [4]. Here, the average number
of photons per pulse is denoted by N,,, and 7 is the quantum efficiency of the SPAD. The dark-count
probability P, is given by P; = 1 — e~%¥d [1]. We now observe that sfsf P{Y = 1|X = 0} =

Py stP{Y =1|X =1} = B,,,sf st P{Y = 1|X = 0} = Py, sf P{Y = 1|X = 1} = P,,,, etc., as shown in Fig.
1. In this letter, the breakdown probabilities P, and Q, are calculated according to the dead-space
multiplication theory [4], [5].

According to principles of digital communication, before defining the channel capacity we must define
the mutual information of the SPAD channel, given by [3]

(1)

st P{X =j|Y =i}
st P{Y =i}

1
7 = ZsfP{X:j,Y:i}
i=0

j=0
where the output-alphabet probabilities are given by sf sf P{Y = 0} = (1 — Py)mg + (1 — Pop)(1 —

A
), and my = sf P{X = 0} is the a priori input-symbol probability. Upon substitution, the mutual
information for the channel shown in Fig. 1 reduces to
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The channel capacity C with units of bits (or more generally, bits per symbol), can now be defined as
A
the maximum of the mutual information J overall0 < m, < 1,i.e.,, C = max J. It also follows that

0571'051
0<C=<1[3]

SECTION IIl. Results

In our calculations, we focus on the dark-carrier generation and breakdown only in the high electric
field multiplication region of the SPAD. Band-to-band tunneling of carriers is considered as the
dominant source of dark current in the multiplication layer [4], [6]. Throughout, we assume that the
SPAD is operated in a gated mode, whereby it is dc-biased just below its breakdown voltage Vggr during
the off-mode, and then pulse-biased above Vgi during the on-period. We assume a 2-ns on-pulse with
repetition rate of 500 kHz [6], N, = 0.1 photons, and n = 0.5 [7].

The results of the calculations for an SPAD with a simple hole-injected InP multiplication region are
shown in Fig. 2, which depicts the channel capacity as a function of the normalized excess voltage. (The
normalized excess voltage is defined as AV /Vggr, where AV =V — Vg and V is the voltage across the
multiplication region.) The peak channel capacity (shown by the symbol “+”) and the corresponding
reverse-bias voltage 1}, are shown for each width. Clearly, the peak channel capacity increases as the
multiplication-region width increases. The key factor causing this performance enhancement is the
reduction in the breakdown electric field (as the width is increased), which, in turn, leads to a
reduction in tunneling dark carriers [6]. Another advantage of increasing the width of the multiplication
region is reduced sensitivity to variation in the applied voltage. This is measured by the full-width at
half-maximum (FWHM) of the channel capacity curve versus the normalized excess voltage; the FWHM
increases as the multiplication-region width increases.
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Fig. 2. Channel capacity corresponding to InP multiplication region as function of the normalized excess
voltage for each width. The reverse-bias voltage corresponding to the peak channel capacity 1, is also
shown for each width.

The trend in the channel capacity, as a function of the multiplication-region width, is similar to that of
the SPQE observed in our earlier studies [4]. However, the voltage at which the channel capacity
reaches its optimal value (peak channel capacity) is different from that corresponding to the optimal
SPQE. For example, for a 500-nm multiplication region, the peak SPQE occurs at 32 V (according to the
model reported in [4]) while the peak channel capacity occurs at 29.6 V. Notably, if we reverse bias the
SPAD at 32V, the channel capacity would be 40% below its peak value. Thus, it can be inferred that
optimizations with respect to the SPQE and the channel capacity are not equivalent; SPAD optimization
is, therefore, application (sensing versus communication) dependent.

We next consider an SPAD with an Ing sz Alo.as As—InP heterojunction multiplication region, which has
the same general structure of the heterostructure APDs considered for minimizing the excess noise
factor [8]. For this type of SPAD, photogenerated holes are injected into the Ing.s2 Alo.ag As layer, which
is termed the energy-buildup layer. Our calculations indicate that for a fixed total width of the
heterojunction multiplication region (consisting of both layers), the peak channel capacity depends on
the fraction of the width occupied by the Ings2 Alosg As layer. The peak channel capacity (at the optimal
applied voltage) starts at a minimum when the multiplication region is entirely made of Ino.s Alo.as As.
As the fraction of the Ings; Aloas As-layer-width decreases, the peak channel capacity increases,
reaching a maximum value, after which it decreases monotonically. This behavior is shown in Fig. 3 and
it is attributable to the dead-space effect [4]. Thus, for a fixed total multiplication-region width, there is
an optimal width of the Ings2 Alo.as As layer that maximizes the peak channel capacity. For example, for
total multiplication-region widths of 300 and 200 nm, the optimal widths of the Ino.s2 Alo.ag As layer are
34 and 33 nm, respectively. However, the channel capacity in this type of heterojunction is less
sensitive to variations in the width of the Ingsz Alo.ag As layer compared to variations in the applied
voltage. Thus, a small change in the width of the Ing.s2 Alo.as As layer (i.e., within 4 nm) from its optimal
value will not result in a significant change in the channel capacity.
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Fig. 3. Channel capacity corresponding to InP, Ing.s2 Alo.ag As, and optimal Ing.sz Alo.ag As—InP
multiplication regions of width 300 nm. The reverse-bias voltage corresponding to the peak channel
capacity V}, is also shown for each multiplication region. The 34-266-nm heterostructure is the optimal
structure among all other width combinations that have a total width of 300 nm.

The peak channel capacities calculated are indeed very small (i.e., < 1 bits), which is a consequence of
the ultraweak nature of the received signal (recall that N, = 0.1, corresponding to a subphoton level),

which results in a high “miss” probability (e.g., sf sf P{Y = 0|X = 1} = 0.96 in the case of a 300-nm InP
SPAD operated at 19.2 V.) If NoN_{o} is risen to 10, for example, the peak-channel capacity increases to
approximately 0.9 bits.

For a given total width of the multiplication region, the highest peak channel capacity occurs when the
width of the Ings2 Alo.ag As layer is between the hole' s dead spaces in InP and Ings2 Alo.ag As, at the
breakdown field. (A similar behavior was shown earlier in the case of the SPQE [4].) This behavior can
be explained in the context of the initial-energy effect [4], [9]: The high bandgap Inos2 Alo.as As layer
serves to energize (or heat) the injected holes before they enter the low-bandgap InP layer. If the
width of the Ino.s2 Alo.ag As layer is just below the hole dead space in Ings2 Aloas As, then the holes will
energize without ionizing in the Inos2 Alo.ag As layer. However, once they enter the InP layer, they
require no dead space and may impact ionize immediately. This mechanism results in an enhancement
in the breakdown probability, which in turn, reduces the electric field required for avalanche
breakdown, thereby reducing tunneling dark carriers. Our analysis neglects phonon scattering, which
may result in loss of energy of carriers as they are energized, thereby reducing the significance of the
initial-energy effect.

Indeed, the calculated channel capacity of an optimized Inos2 Alo.as As—InP heterojunction is higher
than that for a simple InP multiplication region of the same width, as shown in Fig. 3. The improvement
in the peak channel capacity offered by the optimal Ings2 Alo.as As—InP heterostructure, relative to the
simple InP multiplication region, for the total multiplication-region widths of 100, 200, 300, 400, and
500 nm is 129%, 47%, 7%, 2%, and 1%, respectively. On the other hand, for the same range of widths,
the improvement in the FWHM is 16%, 7%, 6%, 3%, and 2%, respectively. Note that the performance
advantage is significant only in thin structures, which is due to the diminishing role played by the dead
space in thick multiplication regions.
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A similar trend exits when considering the SPQE [4]; however, the optimal heterostructure that
maximizes the channel capacity is different from that maximizing the SPQE. For example, when the
total width is 300 nm, the optimal SPQE-maximizing width of the Ino.s2 Alo.ag As layer is 32 nm,
compared to 34 nm in the case of the channel-capacity optimization. Additionally, the applied voltage
at which the SPQE peaks (V=20.5V) is different from that at which channel capacity peaks (V=19V). If
the channel-capacity-optimized heterostructure SPAD is operated at V=20.5V, the channel capacity
would be 58% below its maximum value (at V=19V).

SECTION IV. Conclusion

The channel capacity is the appropriate metric for the performance assessment and optimization of
SPADs when used as detectors in a digital communication system. While both the channel capacity and
the SPQE generally follow similar trends, device and operational-voltage optimizations based on these
metrics are not equivalent; optimization with respect the wrong metric may result in a performance
level that is well below the optimal performance.
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