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Design and analysis of a novel low dark count rate SPAD
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Abstract: A novel low dark count rate single-photon avalanche diode (SPAD) device was designed and fabricated
with the 0. 18 pum CMOS Image Sensor (CIS) technology in this paper. The device is comprised of an effective P
+/LNW (light N-well doping) junction for photon detecting and a low concentration N-type diffusing circular
guard-ring formed by the deep N-well diffusion. The latter prevents premature edge breakdown ( PEB) of the junc-
tion and ensures it to operate in Geiger mode. The measured results show that the SPAD achieves a low dark count
rate (DCR), and the DCR is 260 Hz at an excess bias voltage of 2V for 8 wm diameter active area structure at

room temperature.

Key words: single-photon avalanche diode ( SPAD), premature edge breakdown ( PEB), complementary metal
oxide semiconductor( CMOS)
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Introduction

Single-photon avalanche diodes (SPADs) are wide-
ly used in various fields of sciences, such as nuclear
physics, chemistry, biomedicine, and astronomy''?'.
Many of these applications require the acquisition of ima-
ges in the circumstance of extreme weak optical signals at
high speed, such as extraordinary low levels of fiuores-
cence correlation spectroscopy”’ and high speed time-
correlated single-photon counting'™ , etc. However, tra-
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ditional optical devices, like charge coupled devices
(CCDs) ") | active pixel sensors ( APS) ) silicon pho-
tomultipliers ( SiPMs)!") and depleted field effect tran-
sistors (DEPFETs) " | are generally unable to offer the
desired accuracy and high speed at moderate fabrication
cost.

Compared with traditional optical devices, SPADs
show properties of low noise, high resolution, ultimate
optical sensitivity, and low power consumption. It is dif-
ficult for traditional SPADs to meet all these requirements
simultaneously. Recently, various CMOS devices based
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on SPADs along with different PN junctions and guard-
rings have been proposed to improve their performances
since Rochas et al. reported the first detector in 0. 8 pm
CMOS technology'”’. More specifically, the SPAD usu-
ally consists of two parts, including P +/deep N-tub
junction and light P-type doping tub which serves as a
guard-ring to prevent SPAD from premature edge break-
down (PEB). With device scaling, depletion regions at
two sides of p-tub may merge so that the active area of
SPAD is almost fully depleted. Therefore SPAD cannot
operate in Geiger mode to implement photo detection. In
2006, Finnkelstein et al. ' proposed a new SPAD
structure using shallow trench isolation ( STI) guard-
rings around the active p +/N-well junction which can
effectively avoid the edge breakdown and increase fill
factor. However, DCR of the device by this design is
much higher than that by other existing designs
(hundreds of kHz) due to much higher trap energy levels
from the STI interface than that of others. In 2011, the
first SPAD in 65 nm CMOS technology reported by Kara-
mi et al. shows high DCR level (tens of kHz) caused by
high doping concentration'""’. Another important charac-
teristic of SPAD is photon detection efficiency ( PDE) ,
which refers to the efficiency of a photon being absorbed
in the detector active area to generate an electron-hole
pair capable of triggering an avalanche. The PDE de-
pends on diode$ quantum efficiency as well as the excess
bias voltage V. Nowadays, many researchers focus on
integration of low DCR, small size pixel, low breakdown
voltage, and high PDE SPADs in state-of-the-art deep
sub-micrometer CMOS processes, as well as larger SPAD
arrays with increasing levels of in-pixel and on-chip sig-
nal processing. All the efforts are made to further scaling
of CMOS SPAD.

In this paper, a novel SPAD is achieved in 0. 18-
pm CMOS image sensor ( CIS) technology to reduce
DCR. The SPAD includes a light N-well doping
(LNW) , which is established in the central region to en-
hance the electric field. What’ s more, an N-type doping
circular guard-ring is created by deep N-well diffusion.
This paper is organized as follows. Section 2 gives the
design of the proposed SPAD structure. In Sec. 3, the
experimental set-up is described, and the measurement
results of the breakdown voltage, DCR of SPAD are dis-
cussed in detail. Finally, the paper is concluded in

Sec. 4.
1 SPAD structure

The SPAD was fabricated with the 0. 18-pm CIS
technology, which typically offers a triple well process.
This process can isolate P-well regions from the substrate
to reduce substrate noise effects'?’. The deep N-well
retrograde doping makes doping concentration increase
from a low level at the surface to a high level deeper into
the wafer. As a result, the layer serves as both field-en-
hancer and virtual guard-rings.

As can be seen in Fig. 1 (a), the SPAD consists of
a P+/LNW (light N-well doping) junction and a circu-
lar virtual guard-ring by blocking the formation of P-
well ">}, The LNW layer is used to define the active re-
gion for photo detection, where avalanche multiplication

Fig.1 (a) The structure of SPAD. (b) Simulation result
of electrical field
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occurs. A rare trap center in LNW region decreases DCR
greatly. Another N-type doping is implanted with a deep
N-well retrograde doping profile. The periphery of the P
+ region is lightly doped due to the retrograde character-
istic of the layer. Thus a virtual guard-ring is created to
prevent edge breakdown. The upward diffuse of doped
atoms in the deep wafer improves the active regions abili-
ty of collecting charges. Moreover, all the non-active ar-
eas of SPAD are covered with the metal layers to avoid
lighting, which are shaped by the order of metal 1, metal
2 etc. As Fig. 1 (b) shows, the depletion region is be-
low the active area. The red region has high electrical
field while the blue region has low electrical field in the
simulation results. It is obvious that the electrical fields
around guard ring are lower than that of multiplication re-
gion. The PEB can be effectively prevented by the guard-
ring.

Figure 2 shows the microphotograph of the circular
SPAD with an 8-um diameter active area. The virtual
guard-ring of SPAD is covered with metals to prevent
photon from being absorbed in the guard-ring region,
which can result in high DCR and high afterpulsing prob-
ability'""'. Moreover, surface generation from the STI in-
terface is likely to increase DCR'"®'. Therefore the
guard-ring region is devised without STI of SPAD struc-
ture.

2 Experimental set-up and measurement
results

Generally, there are two different circuit configura-
tions used to fabricate the SPAD avalanche sensing'".
The method shown in Fig. 3 has been chosen to measure
the characteristics of SPAD in this paper. The cathode of
SPAD is connected to the source of the excess bias volt-
age V. and the breakdown voltage V;R, and the anode is
connected to ground through a quenching resistor. In this
case, the output of SPAD will be a high voltage modula-
ted by quenching resistor. The deep N-well/P-Sub junc-
tion capacitance has no influence on increasing the after-
pulsing probability and dead time of SPAD when imple-
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Fig.2 Microphotograph of the SPAD fabricated in 0. 18 pm
CIS technology
2 J£T0.18 wm CIS T2 SPAD §i fi i & 1

menting in-pixel photon detection. Thus, the C ;. is
the sum of parasitic capacitance of SPAD and 1/0 PADs
in this circuit. The high quenching resistor (R i) 18
typically chosen as hundreds of kilohm. As a result, the

dead time of SPAD is set to be long.
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Fig.3 Measurement circuit of the SPAD device
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The doping concentration levels are increased with
the CMOS technology scaling down, which increases the
peak electric field at the depletion region of SPAD, and
decreases the breakdown voltage and the width of the de-
pletion region'"*!. Figure 4 shows the measured I-V char-
acteristics of two different SPAD structures in reverse bias
mode. As can be seen, the rectangular labeled I-V char-
acteristics curve of SPAD illustrates that the premature
edge breakdown occurs, and the guard-ring fails to make
SPAD operate in Geiger mode. The triangle labeled I-V
characteristics curve shows that the breakdown voltage of
SPAD is approximately 14.2 V, which indicates that the

breakdown mechanism of P +/LNW junction is ava-

lanche, and the virtual P-wblk guard-ring can effectively
eliminate the PEB"*'.

Fig.4 I-V characteristics of the SAPD at room temperature
K4 T SPAD Ky -V H5PEIIZ

3 DCR measurement results

The DCR was measured by counting the number of
avalanches pulse when the SPAD was biased by a voltage
that is larger than its breakdown voltage. The DCR meas-
urement was performed in the dark condition. The pro-
bing node was connected to a high performance oscillo-
scope to count DCR. Moreover, the excess bias voltage
ranging from 0.4 V to 3.6 V were applied with a 0.4 V
step. The relationship of DCR and V; is illustrated in
Fig. 5. We can see that DCR increases linearly with the
increase of V, which is mainly due to the band-to-band
tunneling and trap-assisted tunneling carrier generation.
When V; increases from 0 to 3. 6V, the DCR of P +/
LNW SPAD varies from 0. 05 kHz to 0. 85 kHz while the
DCR of P +/N-well SPAD varies from 0. 13 kHz to 3.6
kHz. The results indicate that our design has achieved a
low DCR. The low DCR of P + /LNW SPAD benefit from
the light and pure N-type doping concentration in LNW
region, which results in rare trap centers.

Fig.5 The DCR of SPAD at different excess bias voltage
K5 SPAD JiAN[R %4 M At s i) DCR A5k

Figure 6 shows the DCR of SPAD at different tem-
perature when V; remains at 2.0 V. The DCR of P +/
LNW SPAD and P +/N-well SPAD increases from 0. 055
kHz to 0.52 kHz and from 0. 13 kHz to 1. 52 kHz, re-

spectively, with the temperature varying from -20 C to
45°C. This is mainly caused by Shockley Read Hall
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(SRH) thermal generation. At the same time, tunneling
effect also contributes to this phenomenon'"'’. Therefore,
it is necessary to make SPAD properly operate in Geiger
mode to exhibit acceptable levels of DCR in practice ap-
plications.

Fig.6 The DCR of SPAD at different temperature
K16 SPAD 7EA [l E T Y DCR H5fk:

4 Conclusions

A novel low dark count rate ( DCR) single-photon
avalanche diode (SPAD) has been designed and fabrica-
ted with the 0. 18 pwm CMOS image sensor ( CIS) tech-
nology. The proposed SPAD adopts a P + /LNW junction
structure. It also has a guard-ring achieved with low con-
centration of N-type doping circular region, which can
prevent PEB effectively. The DCR of the SPAD is 260
Hz at 2V excess bias voltage for 8 pum diameter active ar-
ea structure at room temperature. Moreover, I-V curves
of the SPAD has also been demonstrated and the break-
down voltage of the SPAD is about 14.2 V.
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