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a b s t r a c t

In this paper, the single-photon avalanche diodes (SPADs) featuring three different p-well implantation
doses (∅p�well) of 5.0� 1012, 4.0� 1012, and 3.0� 1012 atoms/cm2 under the identical device layouts were
fabricated and characterized to evaluate the effects of field enhanced mechanisms on primary dark
pulses due to the maximum electric field. From the IeV curves, the breakdown voltages were found as
23.2 V, 40.5 V, and 63.1 V with decreasing ∅p�well , respectively. By measuring DCRs as a function of
temperature, we found a reduction of approximately 8% in the maximum electric field lead to a nearly
72% decrease in the DCR at Vex ¼ 5 V and T ¼ 25 �C. Also, the activation energy increased from 0.43 eV to
0.50 eV, as decreasing the maximum electric field. Finally, we discuss the importance of electric field
engineering in reducing the field-enhanced mechanisms contributing to the DCR in SPADs and the
benefits on the SPADs related to different types of radiation detection applications.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A single-photon avalanche diode (SPAD), or also known as a
Geiger-mode avalanche diode, is a solid-state photodetector that is
composed of a reverse-biased p/n junction diode connected in se-
ries to a quenching resistor. In comparison to typical avalanche
photodiodes, an SPAD operates in a limited GeigereMüller mode in
which an avalanche multiplication process generates large elec-
trical output signals comparable to that of the traditional photo-
multiplier tube (PMT). Due to a high internal gain, an SPAD is
capable of detecting weak light intensities down to a single-photon
level [1]. Also, detecting a higher photon intensity is achievable by
configuring multiple SPADs in parallel to a common silicon sub-
strate, i.e., a silicon photomultiplier (SiPM), so that its output pulse
is proportional to a chronological superposition of current pulses
from fired SPADs [1]. Therefore, many works related to SPADs are
often reported as a part of SiPM technology [2,3,25,37].

Due to a significant enhancement on the semiconductor process
over past decades, performances of unit SPAD have grown
remarkably and, as a result, SPADs emerged as a well-established
solid-state detector that has garnered tremendous interest in
by Elsevier Korea LLC. This is an
industrial and research fields, such as nuclear medicine, radiation
protection, high-energy physics, and remote-sensing technology
[4e9]. In particular, arrays of SPADs have been considered a
promising candidate to replace traditional PMTs in many radiation
detection applications owing to their numerous advantages over
PMTs, such as compactness, fast time response, high detection ef-
ficiency, low operational voltage, and insensitivity to magnetic
fields [10]. Depending on a target application, however, one of the
major sources limiting the performance of SPADs is the dark noise.
For example, large sensitive areas are often required for detecting
cosmic rays, e.g., the Cherenkov Telescope Array, and this can put
strict constraints on the maximum dark noise allowed in SPADs for
practical usage [11].

The dark noise in a SPAD refers to the number of current pulses
developed in the absence of light, which are indistinguishable from
signals generated via optical interactions. The noise sources include
the primary events, i.e., dark count rate (DCR) and correlated events
such as after-pulsing [12]. In particular, three main sources that
contribute to the DCRs in SPADs are known as a combination of the
diffusion of carriers, the thermal generation of carriers through the
ShockleyeReadeHall (SRH) process, and the band-to-band
tunneling processes [12]. Although the three mechanisms may
coexist, the relative importance of each mechanism depends on an
operating temperature because they feature different dependence
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on temperature in silicon [13,14]. Nevertheless, given that a typical
SPAD structure operates near the room temperature regime, the
primary mechanism contributing to DCRs can be considered as the
SRH generation process through deep-level defects present in a
depletion region (e.g., epitaxial-layer) [15,32]. More importantly,
the SRH generation is considerably influenced by the maximum
electric field developed across an avalanche region. That is, the
high-field can act on deep levels (e.g., metallic impurities) and ul-
timately induce an increase in the DCR through the field-enhanced
mechanisms such as the Poole-Frenkel effect and phonon-assisted
tunneling [15,16]. To understand the physics behind the DCR in
SPADs, numerous modeling and simulation studies have been
performed [17e19]. Also, the progress in the previous studies has
led other researchers to establish analytical modeling of high
electric fields in avalanche breakdown to explain the field-
enhanced mechanisms contributing to DCRs [20e22].

In this paper, we investigate how quantitative changes in the
peak electric field can influence the dark noise in SPADs. Therefore,
SPADs with three different maximum electric fields were designed
and fabricated. For each sample, we start with the temperature
dependence on a breakdown voltage (VBD) to emphasize the
importance of adjusting the bias voltage to the ambient tempera-
ture. Then, we measure DCRs as a function of photon detection
efficiency (PDE) to identify the presence of field-enhanced mech-
anisms in fabricated SPADs. Finally, we measure DCRs as a function
of temperature and extract the activation energy for each device,
which serves as an indicator of a dominant mechanism contrib-
uting to the DCR, to demonstrate the degree to which the field-
enhanced mechanisms can influence the DCRs concerning the
different maximum electric fields. Furthermore, we discuss some of
the benefits of electric field engineering on SPADs related to
different types of radiation detection applications.
Fig. 2. Simulated electric field distribution of SPADs with three ∅p�well conditions at
the breakdown voltage.
2. Materials and methods

2.1. Device fabrication

The devices presented in this work are based on an n-on-p
structure that was fabricated previously at the National Nanofab
Center (NNFC), as depicted in Fig. 1 [23]. The substrate is an 800 p-
type epitaxial wafer with a resistance of 4.0U-cm and a thickness of
4.5 mm. Also, the microcell pitch is 65 mm with a fill factor of 67%.
Maintaining the wafer specifications, fabrication conditions, and
the device layout identical to the previous version, three different
boron implantation doses were applied to the p-well formation to
attain SPADs with different electric field profiles. After each p-well
implantation, we applied for 165 min a thermal annealing of
Fig. 1. (a) Diagram of the n-on-p SPAD. (b) Mic
1000 �C, which is one of the major processes that cures the defect
sites generated from the ion implantation. Fig. 2 shows calculated
electric field distributions at VBD of each p-well implantation dose
(∅p�well) via 2D Silvaco TCAD: for ∅p�well of 5.0 � 1012, 4.0� 1012,
and 3.0� 1012 atoms/cm2, their expected peak electric fields
correspond to 5.95� 105, 5.78� 105, and 5.46� 105 V/cm, respec-
tively. Because it was challenging to target for an exact value on the
peak electric field, the values of the ∅p�well were chosen instead so
that the peak values would lie roughly between 5.0� 105 and 6.0�
105 V/cm based on the TCAD simulation. As expected, we see that
the peak electric fields at the metallurgical junction decreased with
a decreasing ∅p�well because the magnitude of the peak electric
field is determined by integrating the doping profile in the deple-
tion region at a given bias voltage. Also, as ∅p�well decreased, the
electric field in the depletion region beyond 0.5 mm is extended,
and this increase is due to the fact that the doping profile becomes
more dispersed with a smaller ∅p�well. To make the terminology
straightforward, wewill hereafter refer to the SPADswith∅p�well of
5.0� 1012, 4.0� 1012, and 3.0� 1012 atoms/cm2 as device #1, device
#2, and device #3, respectively (Table 1).
2.2. Sample selection and experiment setup

Due to the statistical variations during the fabricationprocess, and
the quality of the starting substrate, the current to voltage (IeV)
characteristics of SPADs were not entirely uniform throughout the
entire wafer. Thus, prior to the device packaging, wafer-level IeV
rograph of the SPAD with a size of 65 mm.



Table 1
Applied ∅p�well conditions and their corresponding simulated peak electric field strengths.

Samples P-well implantation dose, ∅p�well(atoms/cm2) Simulated peak electric field
@ VBD (V/cm)

Device #1 5.0� 1012 5.95� 105

Device #2 4.0� 1012 5.78� 105

Device #3 3.0� 1012 5.46� 105
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measurements were carried out using a SUMMIT 11742B semi-auto
probe station with an Agilent 4284A LCR meter and a 4156C param-
eter analyzer to select the sample that would represent each family
[23]. Fig. 3 (a) shows anexample of a fabricatedwaferwith64 reticles.
Based on the previously reported IeV measurements for each wafer
[23], we acquired 2Dmapping of reference voltages (e.g., the voltage
at the maximum slope) and corresponding currents at 1 V above the
reference voltages for all samples. Then, we calculated the mean and
standard deviation of the reference voltages to find the sample that
had values close to their average, e.g., they were measured as
23.58± 0.87V, 40.84± 1.08 V, 63.52± 0.93V for device #1, device#2,
anddevice#3, respectively. The selected sampleswere thenpackaged
on ceramics for further analysis.

Fig. 3 (b) presents the general setup used for the VBD, DCR, and
photon detection efficiency (PDE) measurements carried out for
packaged samples. To investigate the temperature dependence on
fabricated devices, the sample was mounted on the CAEN SP5650
sensor holder that was attached to the CAEN SP5600 amplifier via
extension cables and placed inside the JEIO TECH PBV025 tem-
perature chamber. Then, the output of the amplifier was connected
to a PC through a CAEN DT5720A digitizer to acquire the pulse
histogram. At each temperature, the chamber was sealed tightly
and left for enough time to ensure a stable ambient temperature
was achieved. Also, the temperature on the detector was measured
directly through a built-in temperature module in the SP5600. For
PDE measurements, an IS235A integrating sphere along with the
Monora200 monochromator with a wavelength of 560 nm was
applied to make a uniform light source, and Thorlabs PM100 was
used as a reference diode for the photon flux calibration.

3. Results and discussions

3.1. Reverse current-voltage curves

We can gain some useful insights regarding the device proper-
ties by looking at the IeV curves near the breakdown region in
Fig. 3. (a) Example of the fabricated 200 mm wafer with 64 reticles. (b) Block
SPADs belonging to three ∅p�well conditions (Fig. 4). From the IeV
curves, the voltage at which the avalanche breakdown is ex-
pected to occur for each device is found as 23.2 V, 40.5 V, and 63.1 V
for device #1, device #2, and device #3, respectively. Having the
avalanche breakdown as the base point, the reverse current of an
SPAD can be divided into two regions, i.e., the pre-breakdown and
post-breakdown regions. The pre-breakdown current, which is
mainly caused by a surface and peripheral leakage current, is
similar for all three samples near ten pA [24]. In the post-
breakdown region, on the other hand, the three devices exhibit
different current levels: going from device #1 to device #3, the
current level decreases, as shown in Fig. 4 (b). The post-breakdown
current depends on the carriers that contribute to the avalanche
multiplication process inside the depletion region, i.e., the bulk
current [24]. This suggests that the lower current level in the post-
breakdown region could be partially due to the reduced primary
dark pulses from the weakened influence of the field-enhanced
mechanisms. It should be noted, however, that other factors also
contribute to the decrease in the post-breakdown region with
decreasing ∅p�well, such as a multiplication gain, after-pulsing, and
avalanche triggering probability [25]. For example, it was shown
that the gain of an SPAD decreases with decreasing∅p�well at a fixed
applied voltage [23].

3.2. Breakdown voltage

A bias point at which the derivative of log (I) had its maximum is
considered as VBD [26]. However, it is challenging to apply IeV
measurements in a condition where VBD changes with tempera-
ture. Therefore, we used the VBD as a bias point at which the
avalanche pulses start to arise on an oscilloscope as increasing a
bias voltage. Fig. 5 shows the VBD as a function of temperature for
the three devices. As expected, the breakdown voltage increased
with the increasing temperature in all three samples. The reason is
that there is a minimum requirement for the electric field to initiate
an impact ionization successfully, and such condition depends on
diagram of the experimental setup used for the device characterization.



Fig. 4. (a) Reverse current as a function of voltage near the breakdown region for three ∅p�well conditions. (b) Reverse current as a function of excess voltage in the post-breakdown
region for direct comparison.
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the mean free path for phonon scattering and the ionization
threshold energy [27]. In particular, the mean free path for phonon
scattering decreases with increasing temperature [28]. Thus, the
generated carriers require a higher bias voltage to gain sufficient
energy to initiate the avalanche multiplication process, e.g., an in-
crease in VBD.

Furthermore, the temperature coefficients of VBD (Tcoeff) were
found to be 53.6 mV/�C, 72.8 mV/�C, and 86.9 mV/�C for devices #1,
#2, and #3, respectively. Indeed, themagnitude of Tcoeff increases as
the ∅p�well decreases, i.e., the rate at which the VBD changes with
respect to the temperature is greater when the maximum electric
field is lower at the p/n junction. The main reason for the various
Tcoeff is attributed to the different depleted width and electric field
profiles among the three samples. Because the depletion depths of
devices #2 and #3 are broader than that of device #1, as shown in
Fig. 2, the electric field profiles are more dispersed in two devices.
As a result, the additional voltage required to initiate the same
avalanche breakdown after an increment of temperature is larger in
the wider region [28]. Therefore, the shift in VBD resulting from
temperature fluctuation is smaller as ∅p�well increases due to a
more locally-confined electric field within a narrower depletion
width [28]. Having a smaller temperature dependence for VBD can
be beneficial in applications that require a long-time data
Fig. 5. The VBD as a function of temperature in devices with three ∅p�well conditions.
acquisition. For example, in a PET systemwhere a fixed bias voltage
is applied, a minimal shift in the photopeak due to the temperature
variation with time would be favorable in improving the spatial
resolution and in reducing the complexity of PET scanner calibra-
tion [29]. In the following analysis, Vbias was adjusted as to the
temperature to ensure that Vex would remain constant throughout
all of the DCR measurements and to eliminate the VBDetemper-
ature dependency.
3.3. Dark count rate

For SPADs operating at near room temperature, the dominant
process that contributes to dark noise is considered as the SRH
generation of carriers. As mentioned previously, other noise sour-
ces, such as diffusion of carriers and band-to-band tunneling, can
also influence dark noise in SPADs. Nevertheless, it has been re-
ported that the degree towhich twomechanismsmentioned above
contribute to dark noise becomes significant at a temperature
above or below the room temperature regime [30]. Thus, in this
paper, we focus on the dominant mechanism that contributes to
the DCR in SPADs operating at room temperature regime, i.e.,
thermal generation of carriers due to SRH statistics.

In general, the primary noise due to SRH generation depends on
the levels of structural defects and metal contaminations, so the
higher the defect concentration is, the lower the effective lifetime
would be, and thus, the higher the rate of pulses generated in the
dark condition [14]. Given that the magnitude of the maximum
electric field is less than 105 V/cm (e.g., low-field), the generation
rate of SRH process in depleted p/n junction silicon is approxi-
mately equal to [30].

USRH z
Ntsythni

2cosh
�
E0�Et
kBT

�¼ ni
tg;0

; (1)

Where USRH is the generation rate due to the pure SRH process, ni is
the intrinsic carrier concentration, Nt is the concentration of defect
sites or traps, s is the e� or hþ capture cross-section of the trap, yth
is the thermal velocity of e� or hþ, kB is the Boltzmann constant, T is
the temperature in Kelvin, E0 is the intrinsic Fermi level, Et is the
trap energy, and tg,0 is the generation lifetime of minority carriers.
From the equation above, it can be noted that tg,0 is determined by
the cosh of the difference between the Et and E0, i.e., only the traps
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with energy very close to the intrinsic energy level have a consid-
erable influence to the generation of carriers in the depletion
region.

Aside from the epitaxial-layer quality, the presence of a high
electric field in the depletion region can cause an increase in the
USRH further by inducing tunneling of trapped carriers via field-
enhanced mechanisms [31]. Note that the ’tunneling’ due to the
field-enhanced mechanism (e.g., indirect tunneling) should not be
confused with the band-to-band tunneling (e.g., direct tunneling)
as they are two different mechanisms. Under the assumption of a
single deep level impurity, the generation rate under the high field-
effect can be rewritten as [32]:

USRH;eff ¼
ni

tg;eff
; where tg; eff ¼

tg;0
ð1þ GÞ: (2)

Here, USRH, eff is the generation rate due to the field-enhanced
SRH generation, tg, eff is the effective generation lifetime with a
high electric field, and G is the field-enhancement factor. The factor
G is strongly dependent on the local electric field strength and on
the type of impurity centers and charge states, e.g., acceptor-like
and donor-like deep levels [32,33]. The equation above implies
that the larger the value G due to field-enhanced mechanisms is,
the smaller tg, eff would be; thus, the larger the DCR would be ex-
pected in an SPAD. Therefore, they play a significant role in
enhancing theUSRH, eff in SPADs due to their inherently high internal
electric field at the metallurgical junction.

Fig. 6 shows the DCR per unit area of the three devices for Vex
measured from 4 V to 7 V. From the plot, we can see that the DCR
increases with increasing Vex in each sample. This is because the Vex
dependence of the DCR is expected to reflect the behavior of the
avalanche triggering probability [24]. Also, it is clear that, as ∅p�well
decreases, DCR decreases for a fixed Vex. This decrease could be due
to a combination of a smaller triggering probability and a weaker
influence of field-enhanced mechanisms contributing to the ther-
mal generation rate through the deep-level impurities with
decreasing peak electric field in the high-field region [16,21].

It is worth mentioning that the DCR measurements reported in
Fig. 6 do not yet provide sufficient information regarding the de-
gree to which the field-enhanced mechanisms affect the primary
dark noise in the fabricated SPADs. This is because other sources
have considerable impact on the concentration of defects that are
responsible for the overall magnitude of the DCR of a SPAD [25].
Some of these sources include the quality of the wafer and various
Fig. 6. DCR per unit area of SPADs as a function of Vex in SPADs with three ∅p�well
conditions.
processes that induce a stress on the junction such as ion implan-
tation and high-temperature annealing. In particular, the number
of deep-level traps (e.g., transition-metal impurities) introduced
during the ion implantation are subject to the implantation dose
and energy. In this regard, the degree to which the peak electric
field is reduced due to the lower ∅p�well may not fully reflect the
reduction in the DCR as observed in Fig. 6.

Nevertheless, the influence of field-enhanced SRH on the DCR
can be exemplified by measuring the DCR as a function of PDE at its
peak wavelength. For instance, given that a green-sensitive SPAD is
illuminated by the light of its peak wavelength, the PDE is expected
to increasewith increasing Vex. This is demonstrated in Fig. 7 where
the PDE of fabricated devices are measured as a function of Vex from
4 V to 7 V by illuminating the samples with a monochromator at a
wavelength of 560 nm. However, at a certain point, the PDE is ex-
pected to be saturated in all devices because the triggering prob-
ability cannot exceed the theoretical value of one [34]. Given that
the device has a microcell size of 35 mm, the saturation in the PDE
with increasing over-voltage is apparent even at a relatively lower
Vex and the PDE is almost saturated to 60% at Vex of 10 V [35].
Likewise, a similar situation could be reached for the DCR if the
device is in pure SRH condition; however, when the field-enhanced
mechanisms are present, DCR would keep increasing with respect
to Vex even if the triggering probability reaches its maximum value
[35]. This is because generation due to the field-enhanced SRH also
depends on the Vex applied to the SPAD [32]. That is, when Vex is
increased, the electric field in the depletion region becomes
stronger and increases the tunneling probability of carriers
captured at the trap centers, hence reducing the carrier lifetime
according to Equation (2). In this regard, one may anticipate a non-
linear relationship between the DCR and PDE given that the
contribution of field-enhanced mechanisms on the SRH generation
is considerable.

Fig. 8 shows the plot of the DCR per unit area as a function of
PDE at 560 nmmeasured on samples with three∅p�well conditions.
For device #1 and #2, the DCR is nearly proportional to the PDE in
the beginning; however, it starts to deviate as the PDE increases
and eventually becomes non-linear, especially at relatively high
PDE. In other words, while the electron triggering probability (and
thus the PDE) on the depletion edge in the p-layer tends to saturate
with increasing Vex, the field-enhanced generation of carriers
continues to increase with increasing Vex. Similar behaviors have
been reported by other studies where a non-linear increase in the
Fig. 7. PDE (at 560 nm) of SPADs with three ∅p�well conditions for Vex measured from
4 V to 7 V.



Fig. 8. DCR per unit area as a function of PDE at 560 nm for SPADs with three ∅p�well
conditions.
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DCR is apparent with increasing Vex [35,36]. Note that the expected
value of reaching saturation in the PDE at a given wavelength for
the fabricated samples is different from those of previous studies
due to the different device structure and geometry [37]. Also, it is
interesting to point out that we do not quite see this behavior in
device #3. This does not suggest that the field-enhanced generation
of carriers is non-existing. However, it could possibly be due to a
combination of a weakened influence of field-enhanced mecha-
nism over the DCR and a slower growth in the avalanche triggering
probability [38] in device #3 in comparison to those of device #1
and #2.

In the following paragraphs, we measure the DCR as a function
of temperature to demonstrate the influence of electric fields on the
dark noise in SPADs at different temperatures. More importantly,
activation energy was estimated from the results to make a better
understanding of the influence of the field-enhanced mechanisms
for each SPAD in terms of its maximum electric field.

Measurements on DCRs as a function of temperature at
Vex ¼ 5.0 V are reported in Fig. 9. From the result, we can see that
the DCR in all three samples increased with increasing tempera-
ture. For example, the DCR in device #1 was around 20 kHz at
T ¼ �20 �C, but the value increases exponentially with increasing
temperature, reaching the value of about 560 kHz at T ¼ 40 �C.
Fig. 9. Dark count rate as a function of temperature for three ∅p�well conditions at
Vex ¼ 5.0 V.
More importantly, we can see that a lower DCR is achieved with a
device of a lower maximum electric field; at T ¼ 25 �C, the
measured DCR was around 240 kHz, 140 kHz, and 60 kHz for device
#1, device #2, and device #3, respectively. That is, about an 8%
decrease in the peak electric field from device #1 to device #3
caused a reduction of approximately 72% in the DCR.

To obtain the activation energy, we plot the natural logarithm of
the DCR as a function of temperature, namely, the Arrhenius plot.
Then, the slope of ln(DCR) versus 1/kT indicates the activation
energy of DCR because the DCR dependence on the temperature is
expected to followa similar law as the generation rate in p/n diodes,
i.e., [30].

USRHðTÞ � DCRðTÞ � A� exp
��EA
kBT

�
; (3)

where EA is the activation energy of the specific generation process,
and A is a constant. Hence, the temperature dependency of the DCR
indicates the dominant process contributing to the DCR since the
activation energy is associated with a specific generation process
inside the depletion region [30].

The Arrhenius plots of three devices at Vex ¼ 5.0 V (Fig. 10) for
the temperature range investigated in Fig. 9 shows that the
magnitude of EA in all three samples. It should be noted that the
linear fits were performed for temperatures from 5 �C to 30 �C
instead of fitting over the entiremeasured range. The reasons are as
follows. First, the region of interest is in the room temperature
regime because, at that temperature, the field-enhanced SRH
generation is expected to be the dominant source of primary dark
pulses in the high-field region [30,32]. Second, a slight deviation
from linear behavior in the lower temperature region (e.g., below
zero) suggests that another mechanism, such as band-to-band
tunneling, is possibly dominating the generation process [32].

In a case of pure SRH, the value EA in silicon is expected to be
close to Eg/2 [14]. However, the extracted values of EA in Fig.10 were
less than Eg/2. What this shows is that all three devices are indeed
influenced by the field-enhanced mechanisms; in the presence of a
strong electric field, the tunneling of captured carriers at trap
centers increases with increasing electric field strength. In turn, this
causes an enhanced deviation from pure SRH statistics (e.g.,
changing the tg, eff) and hence, a reduction of the EA [30]. In addi-
tion, the magnitude of EA increased from device #1 to device #3,
approaching the expected value of pure SRH generation. As seen in
Fig. 10. The Arrhenius plot of three samples at Vex ¼ 5.0 V. The DCR activation energy
values were 0.43 eV, 0.48 eV, and 0.50 eV for device #1, device #2, and device #3,
respectively.
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Table 1, device #1, which featured the strongest peak electric field,
had an EA value of 0.43 eV, whereas device #3, which had the
weakest peak electric field, had an EA value of 0.50 eV. The increase
in EA from device #1 to device #3 is indeed due to suppression of
the field-enhanced SRH generation as a result of the reduced
maximum electric field [35]. That is, the probability of trapped
carriers tunneling through the potential barrier is lowered with
decreasing field-enhancement factor G [32], and hence, less
contribution is made to the generation of primary dark pulses due
to the reduced weight of the field-enhanced mechanisms. We also
observe that all three devices begin to deviate from the fitted curve
at low temperatures (e.g., below zero). These deviations from the
expected line fits suggest that, for T < 0 �C, the field-enhanced SRH
generation is no longer the dominant mechanism responsible for
the DCR and that the weight of other mechanisms contributing to
the DCR is becoming considerable [32].

We should also point out that the EA for pure SRH process in
silicon is not always expected to be ’equal to’ Eg/2 or 0.56 eV; the EA
in pure SRH generation is commonly close to Eg/2, but the exact
value depends on the types of impurities present in silicon. The
primary effect of field-enhanced mechanisms is to change the pure
SRH generation time constant (tg,0) to the effective time constant
(tg,eff), as reported in Equation (2). Nevertheless, the degree to
which tg,eff is influenced by the field-enhanced mechanisms is
determined by the G or the strength of the electric field; a reduced
G due to a lower electric field would lead to a smaller tg,eff and
hence results in a less deviation from the pure SRH statistic.
Therefore, it clearly shows that the influence of the field-enhanced
mechanisms at the generation centers is significant. Furthermore,
the degree to which the field-enhanced mechanisms influence the
existing DCR strongly depends on the electric field strength at the
multiplication region.

4. Conclusion

In this paper, we demonstrated the degree to which the high
electric field developed across the multiplication region can influ-
ence the DCR in SPADs via field-enhanced mechanisms. In partic-
ular,∅p�well of 5.0� 1012, 4.0� 1012, and 3.0� 1012 atoms/cm2 were
applied to create SPADs with three different electric field peaks in
descending order. With the devices operating at Vex ¼ 5 V and
T ¼ 25 �C, it was observed that an 8% reduction in the peak value
from device #1 to device #3 caused a 72% reduction in the DCR.
Furthermore, the fact that the EA of the three devices shifts from
0.50 eV to 0.43 eV clearly suggests that the field-enhanced mech-
anism is one of main processes that contribute to the overall DCR in
SPADs [32,35].

The advantage of reducing the maximum electric field in SPADs
may be found for applications that require a low dark noise at
cryogenic temperature or a large detection area exposed to a sig-
nificant amount of background light [39]. On the other hand, some
drawbacks in merely reducing the electric field include a reduction
in the PDE and an increase in the VBD, which would be undesirable
for applications where the most important parameter is the
maximum PDE, e.g., PET. In this regard, a single SPAD design is
inadequate to meet the needs of diverse radiation detection ap-
plications, and thus, the thoughtful design of the electric field
profile within the depletion region must be taken into consider-
ation when designing SPADs for a target application.
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