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Abstract: A 0.18 pum CMOS process single photon avalanche diode ( SPAD) was examined in this study in an ef-
fort to inhibit premature edge breakdown ( PEB) and secure large photocurrent and low dark count rate ( DCR).
The SPAD consists of a p-well/deep n-well photosensitive junction and a guard ring as-formed by a deep n-well up-
diffused region and an edge STI. The size of the STI layer related to the light current and dark rate was determined
via test. The results indicate that the photocurrent and dark count of the SPAD are optimal when the overlapping
length between the STI and guard ring is 1 wm at room temperature. The SPAD with 10 wm diameter has high pho-
ton detection probability (PDP) , wide spectral response, dark count rate as low as 208 Hz, and 20.8% peak PDP
when the wavelength is 510 nm. A 0.18 wm CMOS process single photon avalanche diode ( SPAD) was examined
in this study to inhibit premature edge breakdown ( PEB) and secure large photocurrent and low dark count rate
(DCR). The SPAD consists of a p-well/deep n-well photosensitive junction and a guard ring as-formed by a deep
n-well up-diffused region and an edge STI. The size of the STI layer related to the light current and dark rate was
determined via test. The results indicate that the photocurrent and dark count of the SPAD are optimal when the
overlapping length between the STI and guard ring is 1 pm at room temperature. The SPAD with 10 pm diameter
has high photon detection probability ( PDP), wide spectral response, dark count rate as low as 208 Hz, and
20. 8% peak PDP when the wavelength is 510 nm.
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Introduction

Single-photon avalanche diodes ( SPADs) are re-
versely biased PN junctions operating in Geiger-mode
which are reverse-biased at voltages above the breakdown
voltage. A sufficiently strong electric field in the deple-
tion region makes an electron-hole pair trigger a self-
maintained avalanche under large (i. e., above-break-
down) bias voltage which allows for the measurement of
high current pulses''’. SPADs are growing increasingly
popular in a variety of scientific applications in chemis-
try, biology, and astronomy fields’™®’. The CMOS
SPAD, for example, containing a compact single chip
has been utilized for quantum communication secrecy and
photon counting applications such as infrared single pho-
ton detectors, fluorescence lifetime imaging microscopy,
and 3D optical distance measurement *®' . Many re-
searchers have explored SPADs with low DCR, low
noise,, small pixel size, and low breakdown voltage prop-
erties.

The PN junction SPAD with a narrow p +/n-well
junction in deep sub-micrometer CMOS technology pro-
duces a high dark noise due to tunneling in the high n-
well doping concentration'”"". Finkelstein et al. '°' fab-
ricated the smallest SPAD structure to date, which has a
2 wm active diameter, by using a shallow trench isolation
(STI) guard ring to prevent edge breakdown and in-
crease fill factor. The DCR of this structure is extremely
high (hundreds of kHz), however, due to the excess
trap energy from the STI interface. The structure pro-
posed by Richardson et al. in 2009 was later exten-
sively researched'"”’; it can be applied in 130-nm CMOS
technology as-formed by lightly doped p-well and deep n-
well layers with a virtual guard ring formed by a retro-
grade profile. The depletion region of the structure is wi-
der than the p +/n-well SPAD, which minimizes tunne-
ling noise and broadens the wavelength region due to the
lower doping concentrations'''’. The SPAD structure can
be reduced to a 2 pm active diameter with DCR of about
9 Hz'"?.

STI significantly influences the dark count of SPAD
devices; to be specific, upon connection to the device,
STI increases the dark count. In this study, we tested
several overlapping sizes of STI and guard ring (1 pm,
1.5 um, 2 um, and 2.5 pm) to explore the effects of
STI in contact with the active region. We placed SPADs
with different STI sizes in a 0. 18 pm CMOS image sen-
sor (CIS) technology in an effort to further scale down
the DCR of the SPAD structure''”’. We were able to
minimize the edge electric field and dark count when the
active area was 10 pm and the STI/guard ring overlap-
ping length was 1 pum, as discussed in detail below.

1 SPAD structure and simulation results

The SPAD depletion layer formed by the p*/n-well

becomes narrow and the breakdown voltage decreases
with a decrease in the characteristic size and an increase
in the doping concentration. These factors may produce a
tunneling phenomenon rather than an avalanche break-
down. Here, we used a SPAD with a p-well/deep n-well
junction in order to increase the breakdown voltage.
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Fig.1 The structure of SPAD
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As shown in Fig. 1, the SPAD consists of a p-well/
deep n-well junction and an octagonal virtual guard ring
formed by STI and a retrograde deep n-well. This struc-
ture design brings the doping concentration from a low
level at the surface to a higher level deeper into the wa-
fer. The p-well layer defines the active region for photo-
detection as it is the location of avalanche multiplica-
tion' """

The doping concentration of the p-well and deep n-
well is low, which creates a relatively wide depletion lay-
er, weak electric field, and low probability of avalanche
breakdown. The breakdown voltage of the device is rela-
tively large. The high-efficiency SPAD with a narrow
(2.5 wm) guard ring not only withstands high electric
fields to prevent the edge breakdown, but also increases
the filling factor. Here, we retain the STI on the outside
of the guard ring for the sake of reducing its width. The
various SPAD structure sizes we lested are described in

table 1.

Table 1 The size of SPADs structure
%1 SPADs ) R~F
Device name ~ D1/um D2/pum D3/pm D4/pm D5/pm D6/pm D7/um D8/ um

SPAD_STI_I 2.1 8 1.0 2.2 2.5 1.6 2.9 7
SPAD_STI_1.5 2.1 8 .5 2.2 2.5 1.6 2.9 7
SPAD_STI.2.0 2.1 8 20 2.2 25 .6 29 7
SPAD_STI2.5 2.1 8 25 22 25 1.6 29 7

Several SPADs with different STI lengths were simu-
lated in Silvaco TCAD. The structure of SPAD emulated
in the Silvaco Altas is shown in Fig. 1. The cathode
measures the output current while the anode and sub-
strate are connected to the ground throughout the simula-
tion process.

Figure 2 shows the electric field distributions under
SPAD breakdown without STI and with STI. More impor-
tantly, it displays the field region located at the edge of
the guard ring. Figure 2 (a-b) shows that the center of
the electric field is yellow, which reflects a higher elec-
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Fig.2 The TCAD simulation results (a) SPAD without STI,
and (b) SPAD with STI
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SPAD

tric field when the SPAD does not have an STI. Figure 3
shows the electric field around the anode in greater de-
tail. The electric field of SPAD with STI is about 2.3 x
10° V/em, 1.2 x10° V/cem lower than the SPAD without
STI, which is better resistant to edge breakdown effects
as the dielectric strength of SiO, is 30 times higher than
the breakdown field of silicon.
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Fig.3 Electric field around anode
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Figure 4 shows the 2D total current density profile at
a 0.1 V excess bias voltage. There is a strong current
density in the cathode region. Red circles mark regions
with overlapping lengths between the STI and guard ring
of 1.0 pm, 1.5 pm, 2.0 pm, and 2.5 pwm correspond-
ing to the current density of 0.6 A/cm”, 0.4 A/cm”,
0.2 A/em’, and 0. 01 A/cm’. The current density in
the cathode region increases as the STI length decreases.
The current density is largest when the overlapping length
between the STI layer and the guard ring is 1 pm.

2 Experimental results and analysis of
high photocurrent

A micrograph of the fabricated SPADs is shown in
Fig.5, in which the active regions are 10 pm, and differ-
ent STI lengths are implemented in 0. 18 pm CIS technol-
ogy. The overlapping lengths between STI and the guard
ring are 1.0 wm, 1.5 pm, 2.0 um, and 2.5 pm.

Fig.4 The total current density of the overlapping length be-
tween STI and guard ring (a) 1.0 pm, (b) 1.5 pm,(c) 2.0
pm, and (d) 2.5 pm

K4 STIRfRPHZ A EEKE(a)1.0 wm, (b)1.5 pm,
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Fig.5 Micrograph of the SPADs fabricated in 0. 18 pm
CIS technology
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Fig.6 Test platform of the SPAD with its quenching
circuits
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Figure 6 shows a test platform that consists of a DC
power supply, digital oscilloscope, and the designed
SPAD with its quenching circuits.

Figure 7 shows the reverse I-V characteristics of the
SPADs measured with a Keithley B1505 A. The break-
down voltage of the SPADs is approximately 14. 96 V,
which exceeds the 14.36 V reported in the literature' "
due to the 0.13 pm CMOS technology, in which the do-
ping concentration is relatively large and the breakdown
voltage is small. The reverse I-V characteristic measure-
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Fig.7 I-V characteristics of the SPAD at room temperature
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ments indicate that the SPADs with different STI lengths
have the same breakdown voltage due to their uniform
structure and impurity concentration distribution in the
SPADs. The current increases as STI length decreases
when bias voltage is kept constant.

Our results indicate that a current of the same ex-
cess bias voltage is maximized when the overlapping
length between the STI and the guard ring is 1.0 pum. In
other words, the length between the STI and p-well ac-
tive region in the SPAD with 0. 18 pum CIS technology
can be scaled down to 1.5 pm.

3 Experimental results and low dark rate
analysis

We conducted DCR measurements by counting the
number of current pulses when the SPAD bias voltage ex-
ceeded the breakdown voltage in dark conditions. Figure
8 shows a diagram of the test circuit. The SPAD cathode
was connected to a voltage source V, (V, =V + Vi),
in which Vy is the excess bias voltage and Vg is the
breakdown voltage. The SPAD anode was connected to
the ground through a high-value quenching resistance

Vex+Vap

Oscilloscog)e

§ R quenching

Fig. 8 Measurement circuit of the SPAD device
8 SPAD fyillist i i

R jycnching » Which is usually tens of k() and here was 51
kQ. The SPAD anode was also connected to a high reso-
lution oscilloscope to count DCR; the SPAD substrate
was connected to the ground.

The DCR of SPAD was measured at excess bias volt-
age VX (ranging from 0.1 Vto 1.1 V with a 0.1 V
step) at 25°C as shown in Fig. 9. We found that the
DCR increases linearly with increase in Vy as avalanche
breakdown probability increases and tunneling carrier is
generated. The DCR also differs significantly with STI
length at the same excess bias voltage. The DCR decrea-
ses as the size decreases as the active region and n-well
are separated from the STI to prevent interface traps. A
smaller overlapping size between the STI and guard ring
makes for a lower DCR. The DCR, which varies from
0.02 kHz to 0. 96 kHz, is lowest when overlapping size
is 1.0 wm, at which point Vi increases from 0.1 V to

1.1V.
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Fig.9 The DCR of SPAD at different excess bias voltage
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Figure 10 shows the DCR of the SPADs, in which
Vix 1s constantly 1.0 V and temperatures range from 0 °C
to 60 °C. The DCR is markedly enhanced at higher tem-
peratures due to an improvement in the avalanche break-
down probability and band-to-band tunneling carrier gen-
eration under constant excess bias voltage'”'*'. The

lowest DCR of the four SPADs increases from 0. 3 kHz to
2.01 kHz.
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Fig. 10 DCR vs. temperature
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4 Photon detection probability

Figure 11 shows the photon detection probability
(PDP) of the SPAD, i. e., the ratio of the number of
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photons detected and the number of photons emitted. We
measured PDP over a wavelength ranging from 200 nm to
1100 nm at room temperature with an excess bias voltage
of 0.4 V. The overlapping length between the STI and
guard ring appears to significantly affect PDP. The peak
value wavelength of PDP increases as the STI length de-
creases. The peak PDP is 20. 8% at 510 nm, which is
higher than the previously reported 20% "' when the ex-
cess bias voltage is 0.4 V. We also observed a broader
spectral response moving towards longer wavelengths with
a peak value wavelength of about 510 nm. The pe?k
15

wavelength of SPAD published previously is 430 nm'
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Measured PDP of the SPADs with varied STI

5 Conclusion

In this study, the SPAD with an overlapping length
of 1 pm between the STI and guard ring was found to in-
hibit PEB and produce a larger photocurrent as well as
lower DCR in comparison with other overlapping area si-
zes in 0. 18 pm CIS technology. Our measurement re-
sults indicate that the DCR of SPAD is 208 Hz and that
the PDP of SPAD is 20. 8% at 510 nm wavelength and
room temperature. The I-V curves demonstrate that the
breakdown voltage is about 14.96 V. To this effect, the
SPAD performance can be markedly improved and the
SPAD can be effectively integrated with a readout cir-
cuit.
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