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Abstract—In this paper, we describe the design, characteriza-
tion, and modeling of InGaAsP/InP avalanche diodes designed
for single photon detection at wavelengths of 1.55 and 1.06 µm.
Through experimental and theoretical work, we investigate critical
performance parameters of these single photon avalanche diodes
(SPADs), including dark count rate (DCR), photon detection ef-
ficiency (PDE), and afterpulsing. The models developed for the
simulation of device performance provide good agreement with ex-
perimental results for all parameters studied. For 1.55-µm SPADs,
we report the relationship between DCR and PDE for gated mode
operation under a variety of operating conditions. We also describe
in detail the dependence of afterpulsing effects on numerous oper-
ating conditions, and in particular, we demonstrate and explain a
universal functional form that describes the dependence of DCR on
hold-off time at any temperature. For 1.06-µm SPADs, we present
the experimentally determined relationship between DCR and de-
tection efficiency for free-running operation, as well as simulations
complementing the experimental data.

Index Terms—Avalanche photodiodes, photodiodes, single pho-
ton avalanche diodes (SPADs), single photon detection.

I. INTRODUCTION

S INGLE photon detectors are key components for a wide
range of applications in the near-infrared (NIR) wavelength

range between 1.0 and 1.7 µm, including optical time domain
reflectometry [1], quantum cryptography [2], photon-correlation
spectroscopy [3], fundamental studies in quantum physics [4],
semiconductor device and material characterization [5], laser
ranging, and astronomical measurements. These numerous uses
for NIR single photon detectors have instigated intensive on-
going research aimed at both fundamental study and practical
improvement of the performance of these detectors.

Photomultiplier tubes are widely used as single photon de-
tectors, but their performance at NIR wavelengths is often inad-
equate, and they suffer from other undesirable attributes includ-
ing high voltage operation, large size, fragility, and sensitivity
to magnetic fields. One of the earliest semiconductor detectors
employed for NIR single photon detection was the germanium
APD. To reduce false counts in the absence of an optical sig-
nal (i.e., dark counts) to an acceptable level, Ge APDs must be
cooled to liquid nitrogen temperatures. Apart from the inconve-
nience of using liquid cryogens, operation at this temperature
also makes Ge unsuitable for detecting 1.55-µm photons, since
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its cutoff wavelength is ∼1.45 µm at 77 K [6]. Silicon APDs
are well established, and offer excellent performance for single
photon detection at wavelengths in the visible spectra range.
However, they suffer from a dramatic reduction in single pho-
ton detection efficiency (PDE) for wavelengths beyond 1 µm,
and for applications at 1.06 µm, detection efficiencies do not
exceed a few percent. Meanwhile, the emergence of new appli-
cations requiring NIR single photon detection has spurred an
urgent need for improved detector technology. The advent of
quantum key distribution (QKD) in fiber-optic networks holds
enormous promise for a next generation of encrypted com-
munications [2], [7], and single photon detectors at 1.3 and
1.55 µm are often the most critical components for the overall
performance of these systems. Similarly, single photon detection
at 1.06 µm in applications, such as lidar, ranging, and imaging
will offer next generation performance for systems in which ma-
ture laser sources already exist. To achieve high performance
single photon detection in the NIR wavelength range, single
photon avalanche diodes (SPADs) based on the InGaAsP quater-
nary material system lattice-matched to InP are likely to provide
the most appropriate solution in numerous situations in which
sufficiently high performance must be accompanied by high re-
liability, compact form factor, ease of use, and acceptable cost.

The first work employing InGaAs/InP avalanche photodi-
odes as single photon detectors at telecom wavelengths was per-
formed by Levine and Bethea in 1984 [8]. In recent years, there
has been increasing interest in InGaAs/InP single photon detec-
tors to support the rapid development of QKD and other appli-
cations employing telecom wavelength sources, and a great deal
of experimental and theoretical work has been reported in this
area [9]–[22]. Virtually all of the initial experimental work was
focused on characterizing commercially available InGaAs/InP
APDs [9]–[15], which were not specifically designed for single
photon detection, because dedicated design and fabrication of
NIR SPADs was nonexistent until just the last few years. Work
on 1.06-µm SPADs has also been performed [23]–[27] within
the last five years, with particularly notable accomplishments
from researchers at MIT Lincoln Laboratory.

In contrast to the more common “linear mode” operation of
APDs below breakdown for which output photocurrent scales
linearly with input optical power, SPADs operate in the so-called
“Geiger mode.” Geiger mode operation is achieved by apply-
ing a reverse bias exceeding the breakdown voltage so that the
photoexcitation of just a single charge carrier can lead to a self-
sustaining avalanche, producing a macroscopic current pulse
that can be sensed using an appropriate threshold detection cir-
cuit. Key parameters limiting the performance of SPAD-based
systems include the photon detection efficiency (PDE), the dark
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count rate (DCR) and the afterpulsing probability (AP). These
parameters are affected by many factors, including the material
quality, device design, and operating conditions.

In this paper, we describe the design, characterization, and
modeling of InGaAsP/InP SPADs for single photon detection
at 1.55 and 1.06 µm. In Section II, general considerations for
the design of SPADs and the resulting device structure are de-
scribed. In Section III, we outline a versatile formalism for
modeling SPAD performance. In Sections IV and V, we present
experimental results for 1.55- and 1.06-µm SPADs, respectively,
along with detailed comparisons to simulation results. Conclu-
sions are summarized in Section VI.

II. GENERAL CONSIDERATIONS FOR SPAD DESIGN

The DCR of a SPAD is the probability of detecting an
avalanche in the absence of an incident photon, and it arises
from “dark” carriers generated in the SPAD structure when no
input photons are present. The mechanisms involved in dark
carrier generation include thermal and field-mediated (i.e., tun-
neling) effects. Although the average DCR can be subtracted
from measurements intended to extract signal count rates, the
time-dependent fluctuations in DCR constitute a noise contri-
bution in SPAD performance, and are analogous to shot noise
in context of analog (e.g., linear mode) APDs. Complementing
DCR is the PDE, which is the probability that an input photon
is in fact detected by the SPAD. The PDE is the product of the
probability that an input photon is absorbed (i.e., the absorption
region quantum efficiency) and the probability that a resulting
photo-excited carrier leads to a runaway avalanche (i.e., the
avalanche probability Pa ).

A primary goal of SPAD device design is to optimize the
device structure and resulting electric field profile to minimize
DCR while maximizing PDE. From the point of view of material
quality, the defect concentration in the SPAD structure should
be minimized to reduce defect-mediated performance degrada-
tion. Examples of undesirable defect-related phenomena include
trap-assisted tunneling (TAT), thermal generation of carriers via
midgap or deep levels, and afterpulsing effects (explained later)
arising from trapping and detrapping of carriers at defects in
the multiplication region. In particular, the identification of the
specific defect types involved in these various processes, as well
as an understanding of their origin in the material fabrication
process is of great importance for further device performance
improvement. With regard to device operating conditions, for
applications in which single photon arrival times are accurately
known (such as QKD), system performance in the presence
of significant DCR can be improved dramatically using gated
mode operation. In gated mode, the SPAD is “armed” by bias-
ing above the breakdown voltage for a relatively short period of
time coincident with the known photon arrival time. Since the
probability of registering a dark count is proportional to the gate
duration, shorter gate periods can be used to effectively reduce
the dark count probability per gate.

Once an avalanche is generated, it needs to be detected and
quenched. The detection process generally entails comparison of
the detector signal with a preset threshold, and provides a purely

Fig. 1. Schematic representation of APD design platform.

digital output. Quenching of the avalanche can be achieved in
several ways. Gated quenching is accomplished using gated
mode operation in which the SPAD remains armed until the
bias voltage is brought below the breakdown voltage Vbr ac-
cording to the fixed gate pulse duration. In contrast to gated
operation, free-running operation leaves the SPAD in its armed
state continuously until an avalanche event is detected. When
free-running, a SPAD can be quenched either passively or ac-
tively. Passive quenching uses a resistor in series with the SPAD
to drop the SPAD bias voltage below Vbr when a sufficiently
large avalanche current is induced. Although the passive quench
process is fast, resetting the device to the armed state is gen-
erally slow, as dictated by the RC time constant of the quench
resistor R and device capacitance C. Active quenching employs
circuitry to sense the avalanche onset, actively force the SPAD
bias below Vbr to quench the avalanche, and then rapidly reset
the SPAD to its armed state.

Afterpulsing is caused by the trapping and subsequent release
(detrapping) of carriers induced during previous avalanches. As
with “primary” dark carriers, a detrapped carrier can trigger
avalanches, and leads to increased DCRs. The detrapping pro-
cess can be characterized by a detrapping lifetime, which de-
creases with increasing temperature. Afterpulsing effects can
be made arbitrarily small by implementing a sufficiently long
hold-off time between gate pulses, but this approach can be
quite restrictive with respect to repetition rate in the gated mode
operation and count rate in free-running operation. Afterpuls-
ing also forces tradeoffs with respect to operating temperature:
lower temperature operation reduces DCR but generally exacer-
bates afterpulsing effects. The reduction of afterpulsing effects
can be achieved if the defects responsible for carrier trapping
can be identified and eliminated. Moreover, a better understand-
ing of the dependence of the detrapping process on local electric
fields would aid design optimization for the SPAD electric field
profile. With respect to operating conditions, since the number
of trapped carriers per avalanche scales with the number of car-
riers created during the avalanche, afterpulsing can be reduced
by minimizing the number of primary carriers flowing through
the multiplication region by using shorter gate durations and
lower bias voltages.

With consideration for the design goals and concepts out-
lined earlier, we have developed a SPAD device design plat-
form, illustrated in Fig. 1, employing a separate absorption and
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Fig. 2. Typical dark and illuminated (1-µW) I-V characteristics for a 25-µm
diameter SPAD at 293 K.

multiplication (SAM) structure [28]. An n+-InP buffer layer
is grown on an n+-InP substrate, followed by an absorption
layer with appropriate cutoff wavelength (Fig. 1 shows an
In0.53Ga0.47As absorber with a 295-K cutoff wavelength of
∼1.67 µm). The valence band offset at an abrupt InGaAs(P)/InP
heterojunction causes hole trapping [29], and three to six In-
GaAsP grading layers are inserted between the In0.53Ga0.47As
and InP layers of the structure to reduce the effective trap depth
for holes. Adjacent to the grading layer is a charged layer that
allows for more flexible tailoring of the internal electric field
profile in the device structure. The final epitaxial layer is an un-
doped InP cap layer. During device fabrication, the active region
is determined by the patterning of a SiN dielectric passivation
layer to create a diffusion mask, and a subsequent diffusion of
Zinc dopant atoms creates a p+-InP region within the undoped
InP cap layer. The thickness of the multiplication region is con-
trolled by the Zn diffusion depth. The quasi-cylindrical junction
formed by a single diffusion exhibits electric field enhancement
where the junction curvature is maximum, and leads to prema-
ture avalanche breakdown at the edge of the device. A double
diffusion process [30] is, therefore, used to tailor the junction
profile and create a deeper junction in the central part of the ac-
tive region. The resulting gain profile across the center part of the
active region is uniform with the gain being reduced in the pe-
ripheral region of the device. This planar buried-junction design
utilizing high-quality SiN passivation can guarantee extremely
stable long-life performance (e.g., >25 years of operation for
telecom receivers) [31]–[33].

Fig. 2 shows linear mode I-V characteristics for a typical
25-µm active area diameter SPAD. The active area diameter
is determined by the more deeply diffused region (see Fig. 1),
and defines the optically active region of the device. We oper-
ationally define the breakdown voltage Vbr as the voltage for
which the linear mode dark current Id reaches 10 µA. The onset
of the photocurrent response at the punchthrough voltage Vp oc-
curs when the depletion region first extends into the absorption
layer. The smooth increase in photocurrent to gains in excess
of 100 (before Vbr is reached) is consistent with a uniform gain
profile and the absence of edge breakdown.

III. SPAD DEVICE PERFORMANCE MODELING

There are a number of mechanisms that generate carriers in
a SPAD structure, including thermally-generated or tunneling-
generated bulk dark carriers and background- or signal-photon-
generated photocarriers. In Geiger mode operation, these carri-
ers have a finite probability Pa of initiating an avalanche if they
reach the multiplication region.

The thermal generation rate per unit volume Nth is deter-
mined principally by Shockley–Read–Hall (SRH) processes,
and can be expressed as

N th =
ni

τSRH
(1)

where ni is the intrinsic carrier concentration and τSRH is the
lifetime related to SRH processes.

Tunneling processes include direct band-to-band tunneling
(BBT) and TAT. The dark carrier generation rate per unit volume
due to BBT can be expressed as [34]
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where mr is the reduced mass of the conduction band effective
mass mc and the light hole effective mass mlh, i.e., 1/mr =
1/mc + 1/mlh. Eg is the bandgap, q is the electron charge, and
h̄ is the reduced Planck’s constant. F is the position-dependent
electric field.

TAT is a complex process, with dependences on the position
of trap inside the energy gap, the density of traps, trap occupation
by electrons, and the trap potential. In recent modeling work,
Donnelly et al. [24] set the tunneling current from the valence
band to the trap equal to the tunneling current from the trap to
the conduction band to determine the filling of the traps and
obtain an explicit formula for the TAT current. By adopting this
procedure, the dark carrier generation rate per unit volume due
to TAT can be expressed as
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where the barrier heights EB1 and EB2 govern tunneling from
valence band to trap and trap to conduction band, respectively.
Nv and Nc are the effective density of states for the valence and
conduction bands, respectively. Ntrap is the trap concentration.

For calculating the breakdown voltage, a suitable model for
ionization coefficients is required. Dead space effects have been
found to play an important role in APDs with thin multipli-
cation widths [35], [36]. However, for appropriately designed
SPADs, multiplication widths are generally relatively thick, and
it is reasonable to use a canonical local field model in which
ionization coefficients depend only on field. We adopted the
physical model of Zappa et al. [37], which takes into account
the dependence of ionization coefficients on temperature. To
calculate the count rate and detection efficiency, it is important
to know the avalanche probability, and we adopted the model of
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McIntyre [38] for this purpose. The model of Adachi [39] was
used for the calculation of absorption coefficient, and the effects
of electroabsorption [40] and free carrier absorption have also
been included.

For the parameters used in the calculation, the effective
mass of electrons and holes and the change of bandgap en-
ergy with temperature were taken from [41]. Three important
parameters—SRH lifetime τSRH, trap density Ntrap, and trap
energy level Etrap—remain to be determined. From fitting of our
simulated results to the measured results, we find τSRH ∼ 70 µs.
There have been past studies of the traps in InP [42]–[47] and
In0.53Ga0.47As [42], [43], [48]–[51], but there is no general
agreement on the type, capture cross section, energy level, and
concentration of traps in state-of-the-art epitaxially grown sam-
ples of these materials. Following Donnelly et al. [24], we de-
fine a parameter α = (Etrap − Ev0)/Eg to identify the posi-
tion of traps inside the energy bandgap, where Etrap is the
energy level of trap and Ev0 is the top of valence band. For
the trap level in In0.53Ga0.47As, we adopted the value of [42],
i.e., α(In0.53Ga0.47As) ∼ 0.78. For the trap level in InP, we
adopted the value of [47], i.e., α(InP)∼ 0.75. Based on fitting re-
sults, for the trap concentrations we use Ntrap (In0.53Ga0.47As)
∼ 1 × 1015 cm−3, Ntrap (InP) ∼ 2 × 1014 cm−3 for both the
1.55- and 1.06-µm devices. For trap energy level and concen-
trations in layers other than InP and In0.53Ga0.47As, we use a
linear interpolation based on the energy bandgap of each layer.

According to [19], assuming Poissonian statistics for the de-
tection of dark counts, the dark count probability Pd can be
expressed as

Pd = 1 − exp (−Pa Nd) (4)

where Pa is the avalanche probability and Nd is the number of
dark carriers. Nd contains the contributions expressed as

Nd = NDM1 τ + NDM2 τtr M0

+ Pd
c

1 − c
Mg

exp (τ/τd) − 1
exp (∆T/τd) − 1

+ Pd
c

1 − c
Mg

exp (τtr/τd) − 1
exp (∆T/τd) − 1

(5)

where the first two terms correspond to the primary dark carriers
at Vop = Vbr + ∆Vex and Vdc, respectively. Vbr is the break-
down voltage, ∆Vex is the excess bias beyond Vbr, and Vdc is
the voltage maintained during hold-off periods when the SPAD
is not armed. NDM1 and NDM2 are the dark carrier generation
rates at Vop and Vdc, and can be calculated using (1)–(3). τ is
the gate pulse width, ∆T is the gate pulse period, and τtr is the
effective transit time of carriers created at Vdc. M0 is the dc gain
at Vdc. The last two terms in (5) are the dark carriers caused by
afterpulsing: the third term is the number of carriers detrapped
during the gate pulse, and the fourth term is the number of car-
riers detrapped preceding the gate pulse by a time interval less
than τtr. Here, c is the ratio of the number of trapped carriers to
the total number of carriers generated per avalanche pulse, Mg

is the number of carriers created per avalanche, and τd is the
detrapping time.

When a photon pulse is present, the count probability Pp is
given by

Pp = 1 − exp (−Pa Np) (6)

where the total number of carriers Np is given by

Np = NDM1τ + NDM2τtrM0 +Pp
c

1 − c

× Mg

(
exp (τ/τd) − 1

exp (∆T/τd) − 1
+

exp (τtr/τd) − 1
exp (∆T/τd) − 1

)
+ η N0

(7)

where η is the quantum efficiency and N0 is the number of
photons per pulse.

Following [19], the single photon quantum efficiency (SPQE)
is defined as

SPQE = Pp −Pd

1 − exp (−N0)
. (8)

Note that the SPQE is closely related to PDE: for sufficiently
small dark count probability Pd and photon number N0, SPQE
reduces to η Pa .

Using (1)–(8), we simulate the performance of devices for
which the experimental results are presented next, and extracted
parameters for (5) and (7) will be presented together with the
calculated results.

IV. DEVICE PERFORMANCE OF 1.55-µm SPADS

Due to wafer-level variation of key device fabrication pa-
rameters, such as diffusion depth and field control layer doping
concentration, devices exhibit wafer-level position-dependent
Vbr and Vp . We have characterized devices from both the center
region (hereafter called Ci, where i is the device index) and the
edge region (Ei) of the given wafer. Considered as two distinct
groups, C and E devices show not only differences in Vbr and
Vp , but also different trap characteristics responsible for after-
pulsing effects. In this section, we present the characteristics of
these devices related to DCR, SPQE, and afterpulsing.

A. DCR and Dark-Count-Induced Afterpulsing

Experimental data (indicated by symbols) in Fig. 3(a) show
[16] the DCR versus hold-off time under four different temper-
atures for device E1, which has an optical diameter of 40 µm.
At each temperature, the device is biased at 0.5 V below Vbr

during the period between gates and 5.5 V above Vbr when the
gate is applied. The gate width was 20 ns, and the hold-off time
varied from 4 to 1000 µs. As evident in Fig. 3(a), hold-off times
shorter than a temperature-dependent characteristic time lead to
a significant increase in the DCR. At lower temperatures, this
onset of increased DCR occurs for longer characteristic hold-off
times. These phenomena are the result of afterpulsing, and in this
section, we present a comprehensive quantitative description of
these effects.

In [16], we demonstrated that by properly normalizing and
rescaling the DCR versus hold-off time curves at different tem-
peratures, all curves collapse onto a single universal curve. First,
for each temperature, DCR values are normalized to the value of
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Fig. 3. (a) Experimental (symbols) and simulated (solid lines) DCR versus
hold-off time for device E1 at four different temperatures. (b) Collapse of data
from (a) after normalization and rescaling.

the time-independent background DCR found for long hold-off
times. Then, appropriately chosen rescaling factors for the hold-
off time axes provide a collapse of all curves to a single curve.
Such a collapse is accomplished for the data in Fig. 3(a) using
hold-off time axis scaling factors of 1, 3, 5.7, and 9.6 for the 150,
175, 200, and 220 K data, respectively. The resulting collapse
is shown in Fig. 3(b). From the dependence of these scaling
factors on temperature, an “afterpulsing activation energy” Eap

of 91 meV was found. This collapsing behavior basically in-
dicates that the DCR versus hold-off time curves have similar
functional forms at different temperatures.

The universal collapse of DCR versus hold-off time curves
can be explained as follows. If we consider primary dark carriers
and detrapped carriers within the gate pulse [i.e., first and third
terms in (5)], and assume that PaNd is so small that all but the
first two terms in a Taylor expansion of (4) can be ignored, we
obtain the expression for Pd as

P d = P a NDM1 τ

[
1 − P a

c

1 − c
M g

exp (τ/τd) − 1
exp (T h/τd) − 1

]−1

.

(9)
In deriving (9), we have made use of the fact that τ is
much smaller than the hold-off time Th so that ∆T = τ +
Th ≈ Th . The time-independent background DCR is Pd,0 =
PaNDM1τ , and the detrapping time can be expressed as

Fig. 4. Collapse of calculated DCR versus hold-off time curves from Fig. 3(a)
for device E1.

τd = τd ,∞ exp(Ea/kT ), where τd,∞ is the detrapping time
at infinitely high temperature. Given τ/τd � 1, we have
[exp(τ/τd) − 1] ∼ τ/τd . Here, c is very small, so (1 − c) ∼ 1.
The normalized dark count probability becomes

Pd =
1

1 − τ M g P a
c
τd

[
exp

(
T h e−Ea / k T

τd ,∞

)
− 1

]−1 . (10)

Using McIntyre’s formalism for calculating avalanche proba-
bility Pa [38], we have found Pa ∼ T−1/2. If c/τd ∼ T 1/2,
then the quantity Pac/τd will be temperature-independent. The
rescaling of the hold-off time axis by exp(−Ea/kT) then yields a
single universal functional form for P d . This behavior provides
useful guidance for subsequent simulations, and in particular,
the accuracy of our collapsing procedure for both experimental
and simulated results confirms the relationship c/τd ∼ T 1/2.

Applying the modeling formalism described in Section III,
we calculate the DCR versus hold-off time behavior illustrated
by the solid lines in Fig. 3(a). Although the experimental data
exhibit a somewhat more rapid rise in DCR with decreasing
hold-off time than the model results, the general agreement is
good. The results presented in Fig. 4 confirm that the calculated
DCR versus hold-off time curves exhibit the same precise col-
lapse with normalization and rescaling up to differences in the
high DCR saturation behavior related to the finite repetition rate
of 50 kHz.

For a 40-µm-diameter device from the central region C1,
we have performed a similar analysis, with results shown in
Fig. 5. To collapse all curves of the measured data to the
150-K curve, the hold-off time axis scaling factor is 1, 1.25,
1.45, and 1.9 for 150, 175, 200, and 220 K data, respectively.
From the dependence of these scaling factors on temperature,
we find Eap ∼ 24 meV.

Comparing results for devices E1 and C1, one finds that the
onset of sudden increase in the DCR happens at longer hold-off
time for device E1, and the difference between the two devices
becomes more significant as the temperature decreases. The ac-
tivation energy obtained from the rescaling factor is also quite
different. From our calculations using Mg = 108, we find that at
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Fig. 5. (a) Experimental (symbols) and simulated (solid lines) DCR versus
hold-off time for device C1 at four different temperatures. (b) Collapse of data
from (a) after normalization and rescaling.

150 K the detrapping time of E1 is about six times that of device
C1, and the trapped carrier to total carrier ratio c of device E1 is
about eight times that of device C1. As temperature increases,
the differences of both lifetime and trapping ratio for traps in-
volved in the afterpulsing of the two devices become smaller
due to the different value of activation energy. These findings
suggest that different traps are involved in the afterpulsing be-
havior of the edge and center devices.

Fig. 6 shows the dependence on 1/kT of detrapping time τd

and trapping ratio c for devices E1 and C1, respectively. Per-
forming exponential fitting to these curves yields corresponding
activation energies. The activation energies obtained for the scal-
ing factor for DCR versus hold-off time collapse (not shown) are
identical to those found for τd : 91 and 24 meV for devices E1 and
C1, respectively. τd and c at each temperature can be extracted
from fitting it to the experimental data. Activation energies for
c are 83.2 and 8.3 meV for devices E1 and C1, respectively. Us-
ing Pa ∼ T−1/2 and deriving an “effective” activation energy
for this temperature dependence yields ∼8 meV. For device
E1, with Ea (τd) = 91 meV and Ea(c) = 83 meV, we confirm
that Ea(Pa) + Ea(c) ∼ Ea(τd), as required for Pac/τd to be
temperature-independent, as discussed earlier. The agreement
for device C1 is not as precise, possibly due to larger relative

Fig. 6. Dependence of detrapping time τd and trapping ratio c on 1/kT for
devices E1 and C1, with extracted thermal activation energies.

uncertainties given the much smaller activation energies found
for this device.

It is worth noting that in (5) and (7), only one trap level has
been considered. While it is straightforward to extend the model
to include multiple traps, we do not believe there is a reason-
able physical motivation to do so. Moreover, our explanation
of the DCR versus hold-off time collapse using (9) and (10)
further supports the single trap model, since it is unlikely that a
single functional form would adequately describe multiple trap
afterpulsing over a wide temperature range. We also point out
that attempting to fit a simple exponential curve (or worse yet,
multiple exponentials) to the raw data in Figs. 3(a) and 5(a) will
not yield meaningful results given the complexity of the after-
pulsing process. The physical processes involved include the
interaction between afterpulsing events occurring during differ-
ent gate pulses, and an accurate description of these interactions
requires a mathematical form such as (5), as first presented
in [19].

B. DCR Versus PDE

As overbias ∆Vex is increased, PDE increases due to the
increase of avalanche probability Pa . At the same time, DCR
also increases with increasing Pa , as well as with the increase in
any field-mediated dark carrier generation. SPAD performance,
therefore, always involves a tradeoff between DCR and PDE.
To characterize this performance using very short gates, we
employ a biasing circuit based on [14]. Gate durations of 1 ns
were used, and repetition rate was adjustable, with 500 kHz used
as a typical value. The gate pulse amplitude was fixed at 4 V,
and the dc offset Vbr − Vdc was set at a value consistent with the
target overbias ∆Vex. A pulsed diode laser with wavelength of
1.54 µm and a pulse full-width at half-maximum (FWHM) of
500 ps is attenuated to generate a mean photon number per pulse
of 0.1. Gates are generated at a repetition rate R, and optical
pulses are turned on during every other gate pulse, yielding an
“illuminated gate” repetition rate of R/2. As a result of this
scheme, there are two different types of gates: one is coincident
with the pulsing of the optical source, and the other is interleaved
between optical source pulses. The count probabilities of the
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Fig. 7. Experimental (symbols) and simulated (solid lines) DCR versus single
photon quantum efficiency for 25-µm-diameter device C2 at 213 K.

coincident and interleaved pulses are registered separately. In
the absence of optical pulses, there is no difference between
coincident and interleaved pulses, and the dark count level can be
measured at repetition rate R. When optical pulses are present,
count probabilities for the coincident and interleaved pulses
yield measurements of the PDE and afterpulsing, respectively.

Fig. 7 shows the measured DCR versus SPQE dependence
(symbols), as well as calculated results (solid curve), for
213 K. The 25-µm device under study, i.e., C2 is from the center
region of the wafer and the afterpulsing behavior of this device
can be characterized by a trap similar to that describing the af-
terpulsing behavior of device C1. At a detection efficiency of
22.5%, the DCR is 2.4 ×104 Hz, corresponding to a dark count
probability of 2.4 × 10−5. Simulated behavior agrees well with
the measured data. One notable feature of Fig. 7 is the shape of
the DCR versus SPQE curve. If dark carrier generation remains
constant with respect to overbias ∆Vex (e.g., when thermal gen-
eration dominates), then one would expect DCR and SPQE to
increase at the same rate with ∆Vex as dictated by the increase
in avalanche probability Pa . The resulting curve on a log–log
plot should be linear with a slope of 1, and this behavior is
indeed found for SPQE < 10%. For SPQE > 10%, DCR in-
creases faster than SPQE, indicating the onset of nonnegligible
tunneling effects, which depend exponentially on the electric
field. The influence of afterpulsing on this curve is negligible.

C. Effect of Operating Conditions on Afterpulsing

Afterpulsing limits the repetition rate with which one can arm
and operate a SPAD, and is crucial for high count rate applica-
tions such as QKD. In addition to intrinsic material properties,
afterpulsing depends on various operating conditions, as de-
scribed in this section.

1) Number of Photons Per Pulse: Afterpulsing depends on
the number of carriers flowing through the multiplication re-
gion during an avalanche. Since a larger mean photon number
per pulse increases the Poisson probability of having multiple
primary (i.e., photo-excited) carriers during a single gate, the av-
erage number of total carriers per avalanche will increase. Fig. 8
shows the AP per gate versus mean photon number for device

Fig. 8. Experimental (symbols) and simulated (solid lines) AP versus mean
photon number for device C2 at 212 K, 500-kHz repetition rate, and overbias
corresponding to 22% detection efficiency.

Fig. 9. Experimental (symbols) and simulated (solid lines) AP versus detec-
tion efficiency at 213 K, 500-kHz repetition rate, and mean photon number of
0.1, without blanking and with six-gate blanking for device C2.

C2 at 212 K with a 500-kHz repetition rate and an overbias ∆Vex

corresponding to a PDE of 22%. Symbols indicate experimental
results, and the solid curve was obtained from modeling. The
change in mean photon number from 0.05 to 1 results in an in-
crease by a factor of ∼10 in AP, with good agreement between
experiment and modeling.

2) Blanking: Suppressing gate pulses (“blanking”) for some
interval following each avalanche event can help to reduce af-
terpulsing, since it provides more time for the release of trapped
carriers, but at the cost of reducing the effective detection effi-
ciency by a dead time factor [1 + µ DENB ]−1, where µ is the
mean photon number, DE is the detection efficiency, and NB

is the number of gates blanked after a detection event. Fig. 9
shows the effect of blanking on device C2. At 213 K, with a
500-kHz repetition rate and µ = 0.1, the blanking of six gates
results in ∼80% reduction in AP, with a dead time correction
factor of ∼0.89 at a detection efficiency of 20%.

3) Repetition Rate: Fig. 10 shows the calculated dependence
of AP on the hold-off time at detection efficiencies of 10% and
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Fig. 10. Calculated AP versus hold-off time at different detection efficiencies
of 10% and 21% and a temperature of 212 K.

Fig. 11. Calculated dark count probability versus hold-off time at detection
efficiencies of 10% and 21% and a temperature of 212 K. Corresponding exper-
imental data are shown for ≥2 µs.

21%. As already discussed, decreased hold-off time leads to
increased afterpulsing. Fig. 11 shows the dependence of dark
count probability per gate on hold-off time for detection ef-
ficiencies of 10% and 21%. Experimental data was taken for
hold-off times between 2 and 40 µs. Calculation shows that the
dark count probability increases dramatically for hold-off times
less than 0.2 µs (0.1 µs) for 21% (10%) detection efficiency.

4) Pulse Width: Fig. 12 shows the effect of gate width on
dark count probability. For longer gates, more primary carriers
flow through the multiplication region and increase afterpulsing
as described earlier. The results presented here show the benefit
of using shorter gates for reducing afterpulsing. In particular,
reduction of gate width from 100 to 1 ns reduces the charac-
teristic hold-off time at which afterpulsing sets in strongly by a
factor of ∼20.

V. DEVICE PERFORMANCE OF 1.06-µm SPADS

The detection of single photons at 1.06 µm is of consider-
able importance for lidar systems designed for remote sensing

Fig. 12. Calculated dark count probability versus time between gate pulses for
gate durations τ of 1, 10, 20, and 100 ns, at 212 K and 21% detection efficiency
(at τ = 1 ns). Corresponding experimental data (from Fig. 11) for τ = 1 ns are
also shown.

Fig. 13. Experimental (symbols) and simulated (solid lines) DCR versus de-
tection efficiency for an 80-µm-diameter InGaAsP/InP SPAD at 1.06 µm for
295 and 230 K. Experimental data were obtained for free-running operation.

and ranging as well as for free-space optical communications in
photon-starved applications. The InGaAs/InP SPADs described
earlier have good PDE at 1.06 µm, but the use of the narrow
bandgap InGaAs absorber results in relatively high DCR. This
tradeoff in DCR performance can be much more effectively
managed for shorter wavelength detection. To this end, we have
developed large area SPADs with InGaAsP quaternary absorbers
optimized for operation at 1.06 µm, but otherwise based on the
same design platform as the 1.55 µm described earlier. In this
section, we present initial results obtained from these devices
with free-running operation, and we also show calculated con-
tributions of the dominant mechanisms responsible for DCR in
these devices.

Fig. 13 shows the measured DCR versus PDE at a wave-
length of 1.06 µm for an 80-µm-diameter device at 295 and
230 K. Free-running photon counting data were obtained using
a Poisson source of 1.06-µm photons, the SPAD detector, and a
commercial active quenching circuit (AQC) described in [52]. In
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Fig. 14. Calculated dependence of DCR per unit area on overbias for In-
GaAsP/InP SPAD at 295 K. Dominant contributions from multiplication region
TAT and absorption region thermal generation are also shown.

contrast to the gated mode measurements described for 1.55-µm
SPADs, these data were taken by varying the photon flux be-
tween 100 and 108 photons/s and recording the count rate as a
function of photon flux. For low photon fluxes (<103 s−1), we
find a constant count rate due to dark counts. For flux values
larger than∼104 s−1, the count rate increases approximately lin-
early with photon flux, indicating single photon counting with
a dynamic range of three orders of magnitude in photon flux
before the count rate saturation. PDE data was obtained from
measurements taken at a flux of ∼106 s−1. Simulated results
for both temperatures are also shown, and the calculated cor-
respondence between DCR and PDE agrees with the measured
data.

Fig. 14 illustrates the calculated dependence on overbias
∆Vex of DCR per unit area at 295 K. Also shown in the fig-
ure are the dominant contributions to DCR, originating from
1) TAT in the multiplication region and 2) thermal generation
in the absorption layer; other dark carrier mechanisms (BBT,
absorption layer TAT, and multiplication region thermal gener-
ation) are insignificant by comparison. The relative importance
of multiplication region TAT and absorption region thermal gen-
eration depends on the operating temperature and overbias. As
in Fig. 14, at 295 K, for overbias voltages less than 4.5 V, ab-
sorption layer thermal generation dominates; at higher voltages,
multiplication region TAT becomes dominant. In contrast, for
the 230-K behavior, multiplication region TAT is at least an order
of magnitude larger than absorption region thermal generation
for all ∆Vex > 0.2 V.

VI. CONCLUSION

In this work, we have performed experimental and compu-
tational studies of SPADs designed for 1.55- and 1.06-µm de-
tection. Through the comparison of experimental and modeling
results, we can quantitatively describe a number of fundamental
performance parameters, including DCR, SPQE, and afterpuls-
ing, over a wide range of operation conditions. We have shown

how DCR depends strongly on hold-off time and operating tem-
perature, with a dramatic increase in DCR at a temperature-
dependent characteristic hold-off time dictated by afterpulsing
effects. The behavior of DCR versus hold-off time was shown
to be described by a universal functional form made apparent
by the collapse of data taken over a wide range of temperatures
to this universal curve after appropriate DCR normalization and
hold-off time rescaling.

Our study of afterpulsing effects has shown that even when
a different trap level dominates afterpulsing behavior for de-
vices from different regions of a wafer, a single trap can
still accurately account for observed afterpulsing behavior.
The relevant characteristic detrapping time and trapping ra-
tio used in our modeling have been extracted, and the depen-
dence of afterpulsing on various operating conditions has been
quantified.

Finally, initial results for SPADs optimized for operation at
1.06 µm have been obtained for free-running operation, and
detailed modeling for DCR versus PDE shows agreement with
the experimental results for these detectors. Additionally, we
have shown that multiplication region TAT and absorption re-
gion thermal generation dominate other dark carrier generation
mechanisms, and that the relative importance of these two domi-
nant mechanisms depends on overbias and temperature. Similar
modeling is currently in progress for the 1.55-µm SPADs.
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