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Abstract—A rigorous model is developed for determining
single-photon quantum efficiency (SPQE) of single-photon
avalanche photodiodes (SPADs) with simple or heterojunc-
tion multiplication regions. The analysis assumes nanosecond
gated-mode operation of the SPADs and that band-to-band
tunneling of carriers is the dominant source of dark current
in the multiplication region. The model is then utilized to opti-
mize the SPQE as a function of the applied voltage, for a given
operating temperature and multiplication-region structure and
material. The model can be applied to SPADs with Ing 52Alg.45ASs
or InP multiplication regions as well as Ing s2Alp .45 As—InP
heterojunction multiplication regions for wavelengths of 1.3 and
1.55 pm. The predictions show that the SPQE generally decreases
with decreasing the multiplication-region thickness. Moreover,
an InP multiplication region requires a lower breakdown elec-
tric field (and, hence, offers a higher SPQE) than that required
by an Ing 52Alg 43 As layer of the same width. The model also
shows that the fractional width of the Ing.s2Alg 4sAs layer in
an Ing 52Alg 45 As-InP heterojunction multiplication region can
be optimized to attain a maximum SPQE that is greater than
that offered by an InP multiplication region. This effect becomes
more pronounced in thin multiplication regions as a result of the
increased significance of dead space.

Index Terms—Avalanche photodiodes (APDs), breakdown
probability, dark count, dead space, detection efficiency, Geiger
mode, heterostructure APDs, impact ionization, InAlAs, InP,
single-photon detection.

1. INTRODUCTION

INGLE-PHOTON avalanche photodiodes (SPADs),
S also known as Geiger-mode avalanche photodiodes
(GM-APDs), are important devices for visible-light to near-in-
frared applications that demand high single-photon detection
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efficiencies. These applications include satellite laser ranging
[1], deep-space laser communication [2], time-resolved photon
counting [3], quantum key distribution [4], quantum imaging
[5], and quantum cryptography [6], [7].

Silicon APDs have already shown very good performance in
various applications in the 400-900-nm range. When operated
in Geiger mode, silicon APDs can offer detection efficiencies
around 60%, dark counts that are below 100 counts per second,
and subnanosecond timing resolution [8], [9]. However, their
performance is degraded drastically when they are operated in
the range 1.06-1.55 pm, due to their low absorption at these
wavelengths. For example, silicon SPADs are typically limited
to below 20% quantum efficiency and 2% photon-detection effi-
ciency at 1.06 ym [10]. At 1.3 um, the quantum efficiency drops
to 1077% [11].

For applications in the range 1.3—1.55 pm (i.e., telecommu-
nication wavelengths) devices with a narrower bandgap than
silicon must be utilized, including germanium, silicon-germa-
nium, and III-V compounds such as InGaAs-InP separate-ab-
sorption-multiplication (SAM) heterostructures [9], [12]-[15].
Although we have recently witnessed remarkable advances in
low-noise APDs for linear-mode operation in the 1.3—1.55-m
range, their performance in the Geiger mode remains unim-
pressive. Currently, one of the best reported photon counters
is the EPM 239 InGaAs—InP APD, which is manufactured by
the Epitaxx division of JDS-Uniphase [9]. This SPAD has a
photon-detection efficiency of 10% at 1.55 pum. Clearly, at the
present time there is a large gap between the performance of
APDs in Geiger and linear modes for wavelengths that are of
interest to telecommunications. This may be partially attributed
to lack of known correspondence between the performance
metrics and device optimization strategies for Geiger and linear
modes of operation.

To date, only a heuristic connection exists between the
performance metrics and criteria for linear and Geiger modes
of APD operation. The performance of single-photon de-
tection has heretofore not been so quantified. Linear-mode
performance measures, such as the excess-noise factor and
the gain-bandwidth product, are not suitable for characterizing
breakdown characteristics nor the single-photon detection
capability. In this paper, we present a general mathematical
treatment of performance assessment and optimization of APDs
for Geiger-mode operation. This establishes how modern APD
structures, which are known to yield a performance advantage
in linear-mode operation, perform in a Geiger-mode setting.
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It has been well established that APDs with thin multiplica-
tion regions exhibit a significant reduction in the excess noise
factor. This trend has been primarily attributable to the dead-
space effect [16]-[19]. New structures have also been proposed
and shown to exhibit even further reduction in the excess noise
factor. For example, recent analytical studies, Monte Carlo sim-
ulations, and experimental studies have shown that the use of
impact-ionization engineered (12 E) multiplication regions can
significantly reduce the excess noise factor in avalanche photo-
diodes [20], [21]. In fact, the lowest excess noise factor reported
to date at 1.55 ym has been achieved with an I2E APD [22].

The first step in understanding the performance of the afore-
mentioned APDs in Geiger-mode operation is to assess their
breakdown characteristics, viz., the breakdown probability as a
function of the applied reverse bias. Typically, the breakdown
probability increases from zero to unity as the applied-reverse
voltage is raised beyond a threshold called the breakdown
voltage, Vpgr. In general, the steeper the zero-to-one transition
in the breakdown probability, as a function of the excess bias,
the better are the breakdown characteristics. In simple multi-
plication regions, the breakdown characteristics improve as the
width of the multiplication region increases [23], [24]. On the
other hand, it has been shown that thin heterojunction multipli-
cation regions can achieve the same breakdown characteristic as
thicker, simple multiplication regions (> 500 nm) [23]. How-
ever, an improvement in the breakdown characteristics does
not necessarily imply an improvement in Geiger-mode perfor-
mance, which is primarily characterized by the single-photon
quantum efficiency (SPQE) [9], [25].

Aside from the breakdown characteristics, there are a number
of other key factors, such as the magnitude of electric field and
the dark-carrier generation in the multiplication region and the
absorber, that can dominate the SPQE as the width of the mul-
tiplication region and structure is changed. In particular, an im-
portant factor that is included in the SPQE is the dark-count
probability, P. It reflects the false counts due to triggers caused
by dark carriers. To date, the net effects of changing the multi-
plication-region width and structure on the SPQE and P, have
not been systematically studied.

In this paper we develop a rigorous model for assessing the
dependence of the SPQE on the SPAD’s multiplication-region
structure and width. This approach provides a valuable analyt-
ical tool for exploring and optimizing novel APD structures for
single-photon detection and counting for SPADs operated in
nanosecond-gated mode. This paper addresses the optimization
of SPADs as a function of the operating voltage, and structure,
as well as the width of the multiplication region, under the as-
sumption that band-to-band tunneling of carriers is the dominant
source of dark current in the multiplication region.

II. SINGLE-PHOTON QUANTUM EFFICIENCY (SPQE)

In this section we review the SPQE performance metric and
discuss a generalized technique for calculating the breakdown
probability in SPADs with either simple or heterojunction mul-
tiplication regions. We assume gated-mode operation where the
detection time is the gate-on time. In order to avoid a high
dark-count rate we assume short gate-on times. In this sense,
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it should be pointed out that our definition of SPQE is valid for
short gate-on times. The gate-on time considered is 2 ns.

The SPQE is defined as the probability that a photon triggers
an avalanche breakdown and no dark carrier triggers a break-
down given that an optical pulse is present and at least one
photon impinges on the SPAD. Mathematically, it is defined as

(1= Py)Popt
Po

SPQE = (1)
where P, is the dark-count probability defined as the probability
that at least one dark carrier successfully triggers an avalanche
breakdown [25], P, is the probability that at least one photon
triggers an avalanche breakdown, and p, is the probability that
at least one photon impinges on the SPAD during the detection
time. By assuming Poisson statistics for the dark carriers, Py
can be expressed as [25]

Py=1—¢ Qe 2)

where (Q, is the probability that a dark carrier triggers an
avalanche breakdown and N, is the average number of dark
carriers generated in the multiplication region during the detec-
tion time.

Similarly, by assuming Poisson photon statistics, we obtain

Pop =1 — 77 3)

where NV, is the average number of photons per pulse, P, is the
probability of an avalanche breakdown caused by a photo-car-
rier that is injected into the multiplication region, and 7 is the
quantum efficiency of the SPAD, which is the probability that
an impinging photon is absorbed and converted into an elec-
tron-hole pair. Also, the probability that at least one photon is
present in the optical pulse is given by p, = 1 — e~ "o,

In general, our definition of SPQE considers the presence of
a pulse (and not just a single photon), which may contain more
than one photon. However, one may also be interested in a defi-
nition of the SPQE for which the presence of a single photon is
assumed in the detection time. However, the fact that the average
number of photons N, is assumed 0.1 in all of our calculations
makes the single-photon-based and pulse-based definitions of
the SPQE approximately equivalent. Indeed a simple calcula-
tion shows that when N, < 1, our pulse-based definition of the
SPQE can be approximated by SPQE =~ (1 — P;)nP,, which
is indeed the definition of the SPQE given that one and only one
photon is present in the detection interval.

Note that the photon-triggered and dark-carrier-triggered
breakdown probabilities P, and ), respectively, are different
in general. This is because the breakdown probability cor-
responding to a carrier is dependent on the location where
the carrier is generated or injected in the multiplication re-
gion. In a separate-absorption-multiplication (SAM) SPAD,
photo-generated carriers are assumed to be injected into the
multiplication region while a dark carrier can be generated
at a random location inside the multiplication region. A dark
carrier generated in the absorber, however, should be treated as
having the same breakdown probability as that corresponding
to a photo-generated carrier. We defer the details of calculating
the breakdown probabilities P, and @, to Section III-A.
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III. MODEL FOR BREAKDOWN PROBABILITY AND DARK
CURRENT

A. Breakdown Probability

We define two types of breakdown probabilities, depending
on the location of the carrier that triggers the avalanche break-
down. As described earlier, the injected-carrier breakdown
probability, P,, which is used in (3), reflects the breakdown
probability caused by a carrier that is injected into the multipli-
cation region. For example, in a SAM structure, P, corresponds
to breakdown triggered by carriers that are optically generated
in the absorption layer as well as any dark carrier generated
therein. On the other hand, the distributed-carrier breakdown
probability, (),, represents the breakdown probability due to
a dark carrier randomly generated inside the multiplication
region. Let us assume that dark carriers are generated according
to certain spatial distribution in the multiplication region. Then,
since the breakdown probability due to any carrier is dependent
on the birthplace of the carrier, @, is the breakdown probability
averaged over all possible locations of the random birthplaces
of the dark carriers in the multiplication region [23]. Interest-
ingly, this distributed-type behavior has been examined earlier
by Hakim er al. in the context of excess-noise-factor charac-
terization in linear-mode operation [26]. We now introduce a
formalism that can be used in conjunction with the recursive
dead-space multiplication theory (DSMT) [27] to calculate P,
and Q,.

Let us assume that an electron—hole pair is created at a
random location in an arbitrary (single or multiple layer)
multiplication region extending from x = 0 to z = w. As-
sume that electrons (holes) are transported in the positive
(negative) z direction. Moreover, let f(z) denote the proba-
bility density function of the birthplace of the electron—hole
pair. We let P.(x) denote the probability that an electron
born at location z triggers an avalanche breakdown. Sim-
ilarly, Pp(z) represents the probability that a hole born at
location x triggers avalanche breakdown. Now, the proba-
bility that an electron—hole pair born at x collectively triggers
breakdown is Py(z) = 1 — (1 — P(2))(1 — Pu(z)) =
P.(z)+ Pn(z) — P.(x)Pp(x). Thus, it follows that the average
probability that an electron-hole pair, randomly generated in
the interval [0, w] according to the probability density function
f, triggers breakdown is given by

Po= [ (P + o) = PP S0 (8

To determine the quantities P.(z) and Pj(z), we invoke
the DSMT recursive technique reported in [27] [see (4) and
(5) therein for the recursive equations that govern P.(z) and
Py, (z)]. We can therefore recast (4) as

Py=1- /0 " () Py () f(2)d )

where Pz(z) = 1 — P.(x) is the probability that the total elec-
tron and hole population resulting from a parent electron born at
x is finite; similarly, Py-(z) = 1 — Pj,(z) is the probability that
the total electron and hole population resulting from a parent
hole born at z is finite.

As a special case, if an electron is injected into the multipli-
cation region, as the case of photo-generated or a dark electron
transported from the absorption region, we take f(z) = 6(z),
the Dirac delta function. In this case the injected-carrier break-
down probability P, is simply P.(0), since P, (0) = 0. Thus,
P, =1 — Pz(0). A similar argument holds for holes entering
the multiplication region at z = w: in this case we take f(z) =
6(xz — w). Since P.(w) = 0, we obtain P, = Pp(w) = 1 —
Py (w) in the case of hole injection at # = w. On the other hand,
if a carrier-pair is generated randomly and uniformly in [0, w],
then we take f(z) = w~! and obtain the distributed-breakdown
probability Q, = 1 — w™* [[* Pz(z) Py (z)dz.

We next describe the model for dark-carrier generation in
the multiplication regions developed by Karve et al. [28]. This
model is reviewed briefly in this paper for completeness; it is
described in more detail in [28].

B. Band-to-Band Tunneling Current in
the Multiplication Region

There are several mechanisms that contribute to the dark-car-
rier concentration in a SPAD [25]. These include band-to-band
tunneling, release of trapped carriers from recombination cen-
ters, which give rise to afterpulsing, and thermally generated
carriers. The dominant mechanism in a specific SPAD will de-
pend upon the structure and operating conditions such as the
bias voltage, repetition rate, temperature, etc.

Athigh electric fields (i.e., in the multiplication region and for
biases that are beyond breakdown), the dark-carrier generation
due to band-to-band tunneling becomes very important for thin
multiplication layers, as shown by Karve ef al. [28]. (Moreover,
as tunneling depends weakly on temperature, tunneling eventu-
ally becomes the major source of dark current as the temperature
is reduced, even if it is not dominant at 300 K [8], [29]). Gen-
erally, tunneling current increases exponentially as the electric
field increases [29]. In the case of Ing 52Aly 45As, for example,
the average number of dark carriers N, generated in the multi-
plication region can be calculated according to [28]

Ny = CVE,e=C/En (©6)

where V is the voltage across the multiplication region and F,,
is the maximum electric field in the multiplication region. The
precise expressions for the constants C; and C5 are described
in detail in [28].

IV. PERFORMANCE OF SPADS WITH SIMPLE Ing 50Alg 48AS
OR INP MULTIPLICATION REGIONS

In this section, we utilize the SPQE metric to predict the per-
formance of SPADs with Ing 52 Alg 4sAs and InP multiplication
regions of various widths. In our calculations, we focus on the
dark-carrier generation and breakdown characteristics only in
the high electric field multiplication region. Throughout, we will
assume that the SPAD is operated in a gated mode, whereby the
SPAD is dc biased just below its breakdown voltage Vpr and
then periodically pulse-biased above Vpgr during the on-period
[25]. We assume a 2-ns on-pulse with repetition rate of 500 kHz
[28]. Moreover, the average number of photons per pulse is as-
sumed as N, = 0.1 photons. We choose such a low level of
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Fig. 1. Calculated injected-carrier breakdown probability for Ing 52 Alg.4sAs
as a function of the normalized excess voltage for various multiplication-region
widths. The breakdown probability for a 300-nm InP multiplication region is
also shown for comparison. The Inset shows the breakdown probabilities as a
function of the reverse-bias voltage.

optical intensity so that the probability that two or more pho-
tons reaching the SPAD is negligible [14]. Finally, the quantum
efficiency of the SPAD is assumed as n = 0.5 at A = 1.55 ym
[30].

A. Dependence of the SPQE on the Multiplication-Region
Width

We begin by presenting the dependence of the injected-carrier
breakdown probability P, on the multiplication-region width.
The breakdown-probability characteristics are often assessed by
plotting the breakdown probability as a function of the normal-
ized excess voltage; a steep transition in the breakdown prob-
ability from O to 1 is always desirable. The normalized excess
voltage is defined as AV/Vpg, where AV = (V — VgR), Var
is the breakdown voltage and V' is the voltage across the mul-
tiplication region. It has been noted recently that as the width
of the multiplication region is reduced, the breakdown-proba-
bility characteristics are degraded. In particular, Ng ef al. [31]
predicted that the breakdown-probability curves, as a function
of the excess bias voltage, are steeper for thick multiplication
regions than those for thin ones. Our calculations also confirm
this trend for Ing 50Alp 48As and InP, as shown in Fig. 1 for
Ing.52Alp.48As multiplication regions. This also confirms the al-
ready known fact that the breakdown voltage decreases as the
width of the multiplication region is reduced. Thus, for a fixed
applied voltage, the breakdown probability of a thin layer is
higher than that for a thick layer.

As a result of the degradation in the breakdown probability
characteristics, we would intuitively suspect that reducing the
width of the multiplication region may also have a detrimental
effect on the SPQE. However, no theoretical studies, to the best
of our knowledge, have systematically shown the trend in the
SPQE as a function of the width of the multiplication region.
The subtlety in drawing any heuristic conclusions on the SPQE
based on the breakdown-probability characteristics alone is that
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Fig. 2. Calculated probability 1 — P, as a function of the normalized excess
voltage for each multiplication-region width, w. The thick solid curve is P ¢ as
a function of the normalized excess voltage for w = 400 nm. P, for smaller
widths are slightly below the 400-nm curve and are not shown in the figure.

the average dark-count probability P, which is a key factor in
SPQE, depends on the width in two ways. First, reducing the
width results in an increase in the breakdown field, which, in
turn, yields higher dark-carrier generation. On the other hand,
due to the degradation in the breakdown characteristics as the
width is reduced, the probability that a dark carrier triggers
breakdown is also reduced. Since these two effects are at odds,
it is not clear what the net effect on the SPQE due to reducing
the multiplication-region width would be.

To rigorously address this question, we begin by examining
Fig. 2, which depicts the behavior of the two terms 1 — P; and
P, in SPQE as a function of the normalized excess voltage
for various Ing 52Alp 48 As multiplication regions. (Recall that
1 — Py is the probability that a dark carrier does not trigger an
avalanche breakdown while P is the probability that a photon
triggers a breakdown.) Let us first examine the effect of changing
w on 1 — Py. It can be noticed from Fig. 2 that increasing the
multiplication-region width causes the 1 — P; term to increase
significantly. This desirable effect is essentially due to the
reduction in the breakdown electric field in thick multiplication
regions and it dominates the harmful effect caused by the
increase in the breakdown probability as the width is increased.
Our assumption that dark-carrier generation is dominated by
tunneling may have accentuated this effect due to the strong
dependence of band-to-band tunneling current on the electric
field. On the other hand, increasing the multiplication-region
width has a relatively much less significant effect on P
compared to 1 — P,;. Therefore, we would expect a net increase
in the SPQE as the multiplication-region width increases, as
shown in Fig. 3 for Ing 50Alg.48As multiplication regions. Note
that the theoretical limit of the SPQE is 7, which is 0.5 in
the examples considered.

As we indicated earlier, the main reason for the enhancement
in the SPQE characteristics, as the width is increased, is the re-
duction in the breakdown electric field, which, in turn, leads to
a reduction in dark carriers. Fig. 4 shows the average number
of dark-carriers as functions of the multiplication-region width.
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A similar trend is seen in the case of InP multiplication re-
gions whereby increasing the multiplication-region width is ac-
companied by an increase in SPQE (results are not shown). To
date, a parametric model for the tunneling current in InP is not
available, but at high-electric fields it is expected that the tun-
neling-current parameters are approximately equal for InP and
InAlAs. Thus, we have approximated the dark-carrier genera-
tion in InP by using the model developed for Ing 50Alg 48AS
[28]. However, as InP has a narrower bandgap compared to
Ing 52Alp.48As, the actual dark-carrier generation in InP would
be higher than that predicted here and the SPQE achieved by
the InP multiplication region might be smaller compared to our
predictions. Nonetheless, at the high operational fields consid-
ered in our calculations, the aforementioned approximation is
expected to be reasonably accurate.

Comparing an Ing 52Aly 48As multiplication region with
its InP counterpart indicates that for the same width, InP
achieves higher SPQE than Ing 52Alp 4g8As, as shown by the
lower two curves in Fig. 5 in the case of a 150-nm-wide mul-
tiplication region. This improvement is more pronounced in
thin multiplication regions, as shown in Table I. The higher
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Fig. 5. SPQE for 150-nm InP (dashed-dotted curve) and 150-nm (thick

solid curve) Ing s2Alp 4sAs multiplication regions and a 30-nm-120-nm
Ing.52Alg.45 As—InP heterojunction multiplication region (dashed curve). The
SPQE for other combinations of the Ing.52Alg.45 As—InP region are also shown
establishing that the 30-nm-120-nm combination is the optimal choice.

TABLE 1
IMPROVEMENT IN THE PEAK SPQE, AND THE SPQE FWHM OBTAINED FOR
INP MULTIPLICATION REGIONS RELATIVE TO THAT FOR Ing 52 Al 45 As
MULTIPLICATION REGIONS OF THE SAME WIDTH

SPQE improvement (%)

Multiplication width (nm) Peak FWHM
150 573.8 294.6
200 158.8 133.7
300 37.4 79.6
400 16.1 61.5
500 8.4 54.9

SPQE for InP is attributed to the lower breakdown electric field
required by InP, and hence reduced number of dark carriers, in
comparison to that required by a Ing 52Alg 45 As multiplication
region of the same width, as shown in Fig. 4. Additionally,
in comparison to Ings2Aly 48As, InP also offers a wider
SPQE versus excess-voltage curve, measured by the full-width
half-maximum (FWHM), than that of Ing 50Alg 48 As, as shown
in Table I. A large FWHM implies less variability, as a function
of variation in the applied voltage, in the SPQE about its
peak. Thus, in comparison to Ing 52Alg.4s3As, InP offers less
sensitivity to voltage variation.

V. PERFORMANCE OF SPADS WITH Ing 50Alg 48 As—InP
HETEROJUNCTION MULTIPLICATION REGIONS

The heterojunction multiplication-region structure studied
is a SAM APD. It consists of a high-bandgap Ing 52Alp.48AS
layer, called the energy-buildup layer, and a low-bandgap InP
layer, called the multiplication layer. Consider a SAM SPAD
with this heterojunction multiplication region and an InGaAs
absorber. A photogenerated hole in the InGaAs layer drifts,
under the effect of a weak electric field in the absorber, to
the high-field Ing 52Alp 48As—InP multiplication region and
enters the Ing52Alg.48As layer. As the hole is transported
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within the Ing 50Alg 48As layer, it gradually builds up kinetic
energy from the field. Once the acquired energy reaches the
hole ionization threshold energy in Ing s2Alg 4s8As, it may
impact ionize according to an exponential probability law. The
minimal distance, depending on the field, that the hole must
travel before reaching the ionization threshold is called the hole
dead space [32], [33].

Clearly, for a given value of the electric field, if the width of
the Ing 50Alg 4sAs layer is selected slightly less than the hole
dead space, then the probability that the hole impact ionizes
in the Ing 52Alp.4gAs layer is zero. Moreover, the hole would
enter the InP layer with an energy in excess of its ioniza-
tion threshold energy in InP, since the ionization threshold
for InP is lower than that for Ing 52Alg 45As. Consequently,
the hole entering the InP layer will require zero dead space
and it may impact ionize immediately according to an expo-
nential probability law. We emphasize that in the absence of
the Ing 52Alp.48As energy-buildup layer, as in a conventional
multiplication region consisting solely of an InP layer, holes
are injected into the InP multiplication layer “cold” (i.e., with
negligible energy) and they must travel the dead space before
being able to ionize. Heterojunction multiplication regions with
this type of property are referred to as impact-ionization-engi-
neered (I2E) multiplication regions [22], [34]-[37]; they have
been shown to offer significant reduction in the excess noise
factor in comparison to multiplication regions that consist solely
one material [34], [36]. In addition, they have been shown
theoretically to exhibit enhanced breakdown probability char-
acteristics [23], [27]. However, their performance advantage
in Geiger-mode operation has not been fully established to
date. We next show that heterojunction multiplication regions
can offer a performance advantage in SPADs.

A. Predicted Performance Advantage

The breakdown probabilities for the multiplication region
shown in the inset of Fig. 6 are calculated using the DSMT
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technique described in Section III-A. In this case, the ionization
path densities h.({|z) and hp(&|z) assume their respective
values in each layer and the electron and hole dead-space pro-
files are calculated for the entire heterojunction multiplication
region according to the method described [34].

The curves in Fig. 5 depict the SPQEs for Ing 50 Alg.48As, InP
and Ing 50Alg 48 As—InP multiplication regions; the width is 150
nm in all cases. It is concluded that for thin multiplication re-
gions, the Ing 52Aly 48 As—InP heterojunction outperforms both
Ing 52Alp.48As and InP multiplication regions. However, as the
width of the multiplication-region increases, the performance
advantage of the Ing 52Alg. 48 As—InP multiplication region be-
comes less significant and eventually approaches that of the InP
multiplication region. This behavior can be substantiated and
understood by examining Fig. 4, which shows that for a thick
multiplication region (> 400 nm), the mean number of dark car-
riers for the Ing 520 Alg 48 As—InP multiplication region are almost
the same as the case of InP.

As in the case of linear-mode operation and the excess
noise reduction therein [36], the fractional width of the
Ing 52Alp 48 As energy-buildup layer plays a key role in the per-
formance in Geiger-mode operation of the device. In particular,
for each overall multiplication-region width, the portion of the
Ing.520Alg.48As buildup layer can be chosen to maximize the
SPQE. The optimization of a 150-nm multiplication region is
illustrated in Fig. 5. The best SPQE performance is achieved
for the choice of a 30-nm Ing 50Alg 45As buildup layer and a
120-nm InP multiplication layer. Notably, the 30-nm is approx-
imately equal to the hole dead space of InP. This is because the
optimal width of the InAlAs layer should be the distance nec-
essary for the holes to acquire the ionization-threshold energy
of InP. Consequently, holes would enter the InP layer “hot”
and may ionize immediately without requiring a dead space.
In the optimized structure, therefore, the hole is injected “hot”
(with zero dead space) in the InP layer, thereby enhancing the
probability of ionizing near the heterojunction, viz., increasing
the likelihood that the first ionization occurs early on in the
InP layer. Now, the fact that a hole is replaced by two holes
early on enhances the breakdown probability as each hole can
independently trigger a breakdown. We would therefore expect
the required overall breakdown field for achieving a certain
breakdown probability to be lower in an optimized hetero-
junction than that for the case when the first hole ionization is
delayed, as in the case when the hole is injected “cold.”

To summarize, the breakdown field is lower in an optimized
heterojunction multiplication region compared to a nonopti-
mized combination for a fixed total multiplication-region width
and fixed breakdown probability.

In general, for a given width of the heterojunction multipli-
cation region, a simple way to find the optimal width of the en-
ergy-buildup layer is as follows. We calculate the hole dead space
in InP and Ing 52 Al 43As materials, both at the breakdown field,
and use them as a guide for the range of values for the choice of the
optimal width of the Ing 52Alp. 45 As energy-buildup layer. Actu-
ally, the optimal width is found to be slightly less than the hole
dead space of Ing 52 Alg 48 As, calculated at the breakdown field.
Forexample, for the widths of 150, 200, and 300 nm, the hole dead
spaces are found to be 29.9, 30.2, and 32.1 nm, respectively. On
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TABLE 11
IMPROVEMENT IN THE PEAK SPQE, AND THE SPQE FWHM OBTAINED FOR
Ing 52 Alg.48 As—InP MULTIPLICATION REGIONS, RELATIVE TO THAT FOR INP
MULTIPLICATION REGIONS OF THE SAME WIDTH

SPQE improvement (%)

Multiplication width (nm) Peak FWHM
150 33.1 28.42
200 8.1 12.2
300 0.98 4.31
400 0.26 2.12
500 0.06 0.95

the other hand, our peak-SPQE-based optimization of the same
family of structures yields energy-buildup widths of 30, 30, and
32 nm, which approximate the hole dead space at peak SPQE for
the various widths considered.

Table II shows the SPQE performance advantage of the opti-
mizedIng 52Alp. 48 As—InP multiplicationregion compared to that
of an InP multiplication region of the same width. Note that the
performance advantage is present only in thin structures and then
it vanishes as the width increases. This is essentially due to the
diminishing role played by the dead space in thick multiplication
regions. Additionally, as the operating electric field is far lower in
thick multiplication layers, the impact of further reducing the field
on lowering the tunneling current, which is due to the presence
of the energy-buildup layer, becomes negligible in larger multi-
plication-layer widths. This behavior is consistent with the trend
in the performance advantage of 12 APDs in the context of re-
ducing the excess noise factor [36] where the beneficial effect of
the energy-buildup layer is noticeable mostly in thin structures.

We end the discussion by reiterating that the dark-carrier
model [28] used in this paper takes into account the dark
carriers resulting from band-to-band tunneling only, which was
done as a convenient approximation. More accurate predictions
of the SPQE require the inclusion of generation-recombination
dark carriers in the multiplication region as well as the absorber.
However, the effect of this approximation is not expected to
adversely impact the validity of the trends predicted by our
model. Interface effects are also important in heterojunction
multiplication regions. The valence-band discontinuity in the
interface causes a diminution in the hole transition rate from the
buildup layer to the multiplication layer due to an increment in
hole trapping. This effect would lead to afterpulsing. To reduce
this effect, fabrication efforts have been made to grade the
valence-band discontinuity by inserting intermediate bandgap
materials in the interface. In addition, fabrication processes are
very important in reducing impurities and defects that lead to
a high concentration of trapping centers. For instance, process
cleanliness is critical in the fabrication of good performance
detectors, since even the smallest of dust particles can lead to a
poor detector performance.

VI. CONCLUSION

We have developed a rigorous model for calculating the
single-photon quantum efficiency, SPQE, of SPADs operated in
nanosecond-gated mode with arbitrary multiplication regions.

The SPADs are assumed to have either a single-layer multipli-
cation region, as the case in conventional APDs, or a two-layer,
heterojunction multiplication regions, as in I2E APDs. The re-
sults show that wider multiplication regions offer an improved
SPQE at the expense of higher operational voltage. This trend
is present in both single-layer (InP or Ing 50 Al 48As) and het-
erojunction (Ing 52Aly 48 As—InP) multiplication regions. The
proposition that reducing the thickness of the multiplication
region in SPADs yields inferior performance was suggested
earlier by this group and others [23], [24], [31]. In particular,
it has already been shown that the steepness in the zero-to-one
transition of the breakdown-probability versus excess-voltage
curve can be improved by increasing the width the multipli-
cation layer. However, the SPQE is not only affected by the
breakdown characteristics (viz., the aforementioned steepness
effect) but also by the dark-count rate. The SPQE analysis
presented in this paper does capture both of these factors and
thus definitively establishes the benefit offered by SPADs with
thicker multiplication regions.

The predicted effect of reducing the width of the multiplica-
tion region on the SPQE is primarily attributable to the increase
in the breakdown electric-field in thinner multiplication regions.
Indeed, the increase in the breakdown field causes the field-sen-
sitive dark-carrier population to increase, which ultimately de-
grades the SPQE. Notably, the behavior of the SPQE, as a func-
tion of the multiplication-region width, is at odds with the corre-
sponding trend in the excess-noise factor. The latter is known to
decrease as the thickness of the multiplication region is reduced.

Our results show that for SPADs with Ing 52Alg 48 As—InP
heterojunction multiplication regions, the width of the wide-
bandgap Ing 52Alp 48 As energy-buildup layer can be optimized,
for a fixed total width of the multiplication region, to maxi-
mize the SPQE. In agreement with the results obtained earlier
for optimizing 2 E multiplication regions for minimal excess-
noise factor, the optimal width of the buildup layer is approxi-
mately equal to the injected-carrier’s dead space. For example,
in a 200-nm multiplication region, the optimal buildup-layer
width that maximizes the SPQE is 30 nm and the hole dead
space is 30.2 nm. Compared with a single-layer InP multipli-
cation region, the Ing 50Alp 43 As—InP heterojunction achieves
tangible improvement in the SPQE in thin multiplication re-
gions (< 200 nm). In the thicker multiplication regions, on the
other hand, this improvement is negligible. This behavior can
be understood in the context of increased significance of the
dead-space effect in thin multiplication regions.

The effect of afterpulsing was neglected in our model pri-
marily due to the lack of precise knowledge of the dependence
of the carrier-release time on the field. As afterpulsing gener-
ally increases as the electric field increases [38], the inclusion
of afterpulsing in our model would not change our conclusions
for single-layer multiplication regions. However, in the case of
Ing 52Alg.48 As—InP heterojunction, we expect that hole trapping
at the heterojunction may accentuate afterpulsing due to the
presence of the Ing 50Alg 48 As—InP potential barrier as well as
high concentration of trapping levels at the heterojunction [8].
However, whenever the information of the dependence of the
carrier-release time on the field becomes available, it is straight-
forward to include afterpulsing in our analysis by merely mod-
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ifying the parameter V4 to include released carriers. This can
be done following the approach outlined by Kang et al. [25],
which assumes knowledge of the carrier-release rate. A full af-
terpulsing analysis will be pursued in the future.
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