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Abstract. We investigate single-photon avalanche diodes with a thick absorption zone leading
to a high photon detection probability in the near-infrared spectrum, e.g., to 27.9% at 850 nm.
Furthermore, modulation doping for tuning the breakdown voltage in single-photon avalanche
diodes is used. Modulation doping allows for reduction of the effective doping in the structure
during the design phase without process modifications. We compare a modulation doped version
with a single-photon avalanche diode not using this technique. We prove that both versions are
operational. The modulation doped version shows a reduced dark count rate and afterpulsing
probability at the cost of a reduced photon detection probability. © 2020 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.59.4.040502]
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1 Introduction

Single-photon avalanche diodes (SPADs) are utilized in countless applications. They are used,
e.g., in mobile phones as a proximity sensor to detect if a face is in front of the phone,' in
three-dimensional time-of-flight cameras,” and in positron emission tomography scanners as
they slowly replace photomultiplier tubes.’ Besides those prominent applications, SPADs are
being utilized in many other applications, such as fluorescence microscopy* and quantum
cryptography.>®

SPADs are avalanche photodiodes (APDs) operated above their breakdown voltage. An
absorbed photon therefore might trigger a self-sustaining avalanche that can be easily detected
and hence allows for detecting a single photon. Before another photon can be detected, the ava-
lanche needs to be stopped; this process is called quenching. This can be achieved by an active
quenching circuit, which actively reduces the voltage across the SPAD below its breakdown
voltage as soon as an avalanche is detected. Another approach is passive quenching in which
the voltage drop across a series resistor during the avalanche is utilized for quenching.

There are several key parameters describing the performance of SPADs.” The most relevant
are as follows:

¢ The photon detection probability (PDP), which is the ratio between detected photons and
total incident photons striking the photoactive area.

* The dark count rate (DCR), which describes the count rate that is measured at the output of
the detector under dark conditions. These counts are triggered by thermally generated elec-
tron—hole pairs or by tunneling events.

¢ The afterpulsing probability, which gives the probability that after a detection, a second
pulse is visible at the output caused by the release of trapped charges shortly after the
avalanche or by optical self-crosstalk.®

*Address all correspondence to Michael Hofbauer, E-mail: michael.hofbauer@tuwien.ac.at
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Another important design parameter of the SPAD is its breakdown voltage. If the breakdown
voltage is too low, the depleted layer typically is thin, which reduces the PDP for longer wave-
lengths, and the electric field strength in the depleted space-charge region is low. If the electric
field in the absorption zone is weak, the drift time of photogenerated electrons to the multipli-
cation zone is large, which leads to bit errors of a logical zero after a logical one in an SPAD
receiver using nonreturn-to-zero mode.” A larger electric field can reduce such bit errors by
reducing the drift time. If the breakdown voltage is too high, some of the maximum ratings
of the used technology might be violated. This problem, however, arises only for SPAD break-
down voltages exceeding 100 V in the HV CMOS process used.

Because the doping profiles in commercial processes typically are fixed, it is not trivial to
modify the breakdown voltage for a given process flow. In this paper, we present an SPAD with
a modulation doped deep p-well and compare it with an SPAD using a standard deep p-well.
Modulation doping reduces the effective well doping and hence allows for increasing the break-
down voltage. The modulation degree can be chosen as a design parameter in a certain range,
which gives the opportunity to adjust the breakdown voltage. In the linear mode, an accurate
comparison of both samples was done in Ref. 10. Using two different quenching circuits, the
basic structure without modulation doping was used as SPAD in Refs. 11 and 12.

In the next section, the device structure of the investigated SPADs will be discussed. After
that, the key characteristics of both SPADs are compared. In the final section, we conclude.

2 Device Structure

The basic structure of the first SPAD (SPAD1) as shown in the top part of Fig. 1 was described in
Ref. 13 as a linear-mode APD and was realized in the same silicon 0.35-um high-voltage CMOS
process. Standard silicon devices can detect light up to a wavelength of ~1100 nm.'* It uses a p-
doped wafer with a p-doped epitaxial layer (p-epi) with a thickness of ~10 ym. The p-epi layer
with a doping concentration of ~1 x 10'> ¢cm™ serves as the absorption zone. The multiplication
zone is formed at the interface of the highly doped n+-cathode and the deep p-well. To eliminate
edge breakdown effects, the diameter of the deep p-well is smaller than the cathode diameter. In
addition, the deep p-well is embedded in a deep n-well. The deep n-well additionally reduces the
effective doping concentration in the deep p-well and thereby increases the resulting breakdown
voltage. This enables the epitaxial layer to be depleted prior to breakdown of the SPAD. The used
process allows for defining an opto-window above the photosensitive area. In this region, the
oxide stack is removed and an antireflection coating is deposited. This reduces interference
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Fig. 1 Cross-section of the SPAD1 and SPAD2 (not to scale).
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Fig. 2 Microphotograph of the OEIC (SPAD1).

effects and results in a smother spectral responsivity compared with the case if the light has to
pass the oxide stack. The second SPAD (SPAD2), depicted in the bottom part of Fig. 1, has
almost the same structure as SPAD1. The only difference is that SPAD2 has a modulation-doped
deep p-well, which reduces the effective doping of this well and therefore further increases the
breakdown voltage.'> The aim was to reach a modulation doping factor of ~90%. This was
accomplished using a specific fill pattern for the deep p-well (i.e., for SPAD1). Holes were cre-
ated inside the layout mask of this well as depicted in the bottom part of Fig. 1 to prevent the
implantation within these holes. The diameter of each hole is 0.9 ym, and the center—center
distance between two holes is 3 ym. An important factor is that modulation doping does not
require any process modifications. It can be implemented during the design phase, which allows
for tuning the degree of the modulation doping in a certain range. However, to work properly,
the dimensions of the holes and the gaps between the holes need to stay below a technology-
dependent limit, which depends on the thermal budget of the process. The active diameter of
both devices is 85 um (i.e., the diameter of the deep p-well).

Each SPAD structure is connected to a mixed active-passive quenching circuit. The circuit
concept resembles the circuit published in Ref. 16 realized in 0.35-um standard (digital) CMOS.
It consists of a cascoded switching circuit to double the quenching voltage (6.6 V) at a short
response time, combined with a fast active quench time to minimize the total charge generated
within the avalanche breakdown, which is crucial for minimizing afterpulsing effects. The dead
time of the quenching circuit used for the SPADs presented here is tuneable between 5.8 and
33.4 ns. The total dimensions of the realized optoelectronic integrated circuit (OEIC) are
680 x 980 pm?. The microphotograph of the chip with SPADI1 is shown in Fig. 2.

Important parameters of the SPAD such as the breakdown voltage, the DCR, and the
afterpulsing probability fluctuate depending on the device position on the wafer. Therefore,
we picked three pairs of samples for SPAD1 and SPAD?2 at the borders (left, top, and right)
and three pairs of samples from the center of a wafer.

3 Results and Discussion

All devices were mounted in a light-tight box on a thermoelectric cooler regulated at room tem-
perature (25°C). The output of the quenching circuit was connected to a NI-5162 digitizer. The
recording time for each bias point was 10 s. The DCR and the APP as well as the PDP in this
section were measured depending on the excess bias voltage (V,,). The APP is plotted for two
different dead times of 7; = 5.8 ns and 7; = 33.4 ns and the DCR only for 7; = 33.4 ns.
The DCR and APP results of SPAD1 are shown in Figs. 3(a) and 3(c). The breakdown volt-
age Vpp of this device varies from 65.5 to 70.2 V for the selected samples. Considering only the
SPADs from the center of the wafer (SPAD1-center.1-3, dotted lines), the deviation in break-
down voltage is about 0.4 V. The best DCR results were achieved by the samples from the center.
However, one DCR curve of the center SPADs is in the same range as the samples from the wafer
borders. The ratio at V,, = 6.6 V between the highest (140.4 kcps) and lowest (28.8 kcps)
DCR is about 4.9. In addition, the APP [Fig. 3(c)] shows a large spread between the samples.
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Fig. 3 DCR versus V,, for t, = 33.4 ns: (a) SPAD1, (b) SPAD2; APP versus V,, for t; = 5.8 ns
and ty = 33.4 ns: (c) SPAD1, (d) SPAD2.

It varies by a factor of 1.7 and 3.2 at a dead time of t; = 5.8 ns and ¢, = 33.4 ns, respectively.
In contrast to the DCR, samples from the border of the wafer tend to achieve better APP results.

The results of SPAD2 are shown in Figs. 3(b) and 3(d). As mentioned in the previous section,
SPAD?2 uses a modulation doped deep p-well. This modulation technique forms a well with a
reduced effective doping concentration and therefore increases the breakdown voltage. For all
samples presented here, Vpp varies between 80.1 and 85.5 V. The Vg, spread of the center-
SPAD:s is about 0.6 V. It can be clearly seen that the DCR is improved by a factor of ~2 com-
pared with SPADI for comparable excess bias voltage. Also, the APP is lower for SPAD2 as
shown in Fig. 3(b). An explanation for the reduced DCR and APP might be the lower effective
excess bias voltage V,, (i.e., the excess bias in relation to the breakdown voltage).!”"'8

The PDP was corrected for the effects of DCR and APP. Mainly DCR and APP depend on the
position on the wafer. Because the used 0.35-ym high-voltage CMOS process is a mature proc-
ess, a low PDP nonuniformity over the wafer can be expected as in Ref. 19. Therefore, the PDP is
plotted only for one sample per structure. The PDP from an SPAD using the same structure as
SPADI1 presented in Ref. 12 (~44% at V,, = 6.6 V and A = 642 nm) matches almost perfectly
with the PDP presented here, as shown in Fig. 4. The PDP indicates the drawback of SPAD2
(Fig. 4). Due to the decreased effective V,,, the PDP is reduced. SPADI achieves a maximum
PDP of 43.6% in contrast to 30.6% for SPAD2, both at the maximum excess bias voltage of
6.6 V. Thus, a direct comparison of both SPADs should be done for the same PDP. SPAD1 shows
a PDP of 30.6% at a V,, of ~4.4 V. The DCR and APP values for this V,, are highlighted
in Figs. 3(a) and 3(c), respectively. The APP and DCR of SPAD2 are still slightly better
(APP: SPAD2: 1.3% to 3.2% at V,, = 6.6 V compared with SPAD1: 1.4% to 4.3% at
V.. =4.4V; DCR: SPAD2: 14.6 to 66.6 kcps at V,, = 6.6 V compared with SPAD1: 17.7
to 94.8 kcps at V,, = 4.4 V) for the longer dead time ¢, = 33.4 ns. Only one center sample
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Fig. 4 PDP versus V,, for SPAD1 and SPAD2 at A = 642 nm.
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Fig. 5 PDP versus wavelength for SPAD1 and SPAD2 at V,, =6.6 V.

of SPAD2 shows a worse APP (38.2% at V,, = 6.6 V compared with 28.3% at V,, = 4.4 V for
SPAD1) for the shorter dead time t; = 5.8 ns.

As previously shown, the used modulation doping technique increases the breakdown volt-
age and therefore the electric field strength in the absorption zone. Furthermore, the depleted area
additionally expands deeper toward the substrate. Therefore, the spectral distribution of the PDP
is shown in Fig. 5 at V,, = 6.6 V for SPAD1 und SPAD2. At 780, 850, and 900 nm SPADI1
reaches a PDP of 37.4%, 27.9%, and 18.6%, respectively. For SPAD?2, it is 25.7%, 17.5%, and
10.9%, respectively. The maximum PDP of 46.0% of SPADI is achieved at a wavelength of
A =670 nm. For SPAD2, the maximum PDP of 33.2% is reached at 640 nm. Especially
for near-infrared wavelengths, both structures achieve outstanding results compared with inte-
grated CMOS SPADs?>?! and comparable results to dedicated SPADs produced in custom
processes.”>>* The PDPs at wavelengths of 780, 850, and 900 nm of the integrated CMOS
SPADs of Refs. 20 and 21 are indicated as stars in Fig. 5, while the PDPs of the SPADs of
Refs. 22-24, which use custom processes, are indicated as circles. Please note that for the
SPADs of Refs. 20 and 23 considerably larger excess bias voltages were used compared with
the other SPADs. The PDP of SPAD1 and SPAD2 could be further improved by increasing the
excess bias voltage. The PDPs for the wavelengths of 780, 850, and 900 nm, as well as the used
excess bias voltage of SPAD 1 and SPAD 2, are compared with Refs. 20-24 in Table 1.

The noise-equivalent power (NEP) is frequently used to compare the performance of different
detectors. For SPADs the NEP is defined as

NEP = he —2DCR, €))
A PDP

where A is the Planck constant, c is the speed of light in vacuum, and 4 is the wavelength of the
used light.”® The smaller the value is, the better the performance of the detector is. In Table 2, the
NEPs of SPAD1 and SPAD2 are compared for the wavelengths of 780, 850, and 900 nm. For
both detectors, the one with the smallest DCR has been selected. SPAD1 has a slightly better

Table 1 Comparison with the state-of-the-art.

SPAD Vg (V) Technology PDP @ 780 nm (%) PDP @ 850 nm (%) PDP @ 900 nm (%)
SPAD1 6.6 0.35-um HV-CMOS 37.4 27.9 18.6
SPAD2 6.6 0.35-um HV-CMOS 25.7 17.5 10.9
Ref. 20 12 130 nm CMOS 35.8 23.4 13.6
Ref. 21 6 0.35-um CMOS 7.3 4.8 2.7
Ref. 22 6.5 Custom 15.9 8.6 5.2
Ref. 23 20 Custom 43.6 28.8 19.2
Ref. 24 6.5 Custom 33.5 18.8 12.9
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Table 2 NEP of SPAD1 and SPAD2 at V,, =6.6 V.

NEP @ 780 nm NEP @ 850 nm NEP @ 900 nm
SPAD Vex (V) (aW/vHz) (aW/vHz) (aW/vHz)
SPAD1 6.6 78.3 90.7 1111
SPAD2 6.6 85.8 104.0 131.8

NEP than SPAD?2. Nevertheless, the difference is only minor and the NEP can easily be tuned by
changing the active area or the temperature of the detector as this mainly influences the DCR,
while the PDP is barely affected.

4 Conclusion

In this paper, we compare two SPAD structures realized in a 0.35-ym high-voltage CMOS proc-
ess. The only difference between these two structures is the used deep p-well forming the multi-
plication layer. The first SPAD uses the standard deep p-well of the HV CMOS process and
achieves outstanding PDP values of 27.9% at 850 nm and 18.6% at 900 nm. For SPAD2, modu-
lation doping was used to reduce the effective doping concentration to increase the breakdown
voltage. This strengthens the electric field inside the absorption zone and results in a thicker
depleted space-charge region. In linear mode when the device is used as an APD, this results
in an increased bandwidth of the structure. In this paper, we prove that modulation doping is an
effective way to change the breakdown voltage of a given SPAD structure. The presented SPAD
using modulation doping shows reduced DCR and APP compared with the version without
modulation doping. The DCR and APP (for the longer dead time of 33.4 ns) of the modulation
doped SPAD are on average about 27% and 20% lower than that of SPADI for the same PDP
(30.6%) at 642 nm. However, the increased breakdown voltage results in a lower effective excess
bias voltage and therefore in a reduced PDP. Nevertheless, the presented PDP results of the
modulation-doped SPAD for near-infrared light of 17.5% at 850 nm and 10.9% at 900 nm are
still comparable to state-of-the-art SPADs (CMOS integrated and custom processes).
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