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Abstract: In order to further diminish the size of SPAD detector the guard ring size of p-well/DNW ( deep n—
well) SPAD was designed based on a 0. 18 um CMOS Image Sensor ( CIS) technology and SPADs of varied

guard ring sizes were fabricated. The measured results show that the guard ring with its size decreased to 0.4 pum

is still effective in preventing premature edge breakdown ( PEB)

and the guard ring size does not have a signifi—

cant impact on the dark count rate ( DCR) and the photon detection probability ( PDP) of p-well/DNW SPADs.
The SPADs achieve a low DCR and a broad spectral response and the DCR is 638 Hz at 25°C with a PDP peak of

16% at 530 nm for 20 wm diameter active area structure.
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Introduction

Single photon avalanche diodes ( SPADs) are re-
versely biased PN junctions whose bias voltage is larger
than their breakdown voltage. Because of the large bias
voltage the electric field of the depletion region is high
enough for making a single carrier trigger a self-main-
tained avalanche through impact ionization thus genera—
ting a high current pulse. If the carrier is generated by
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photon absorption the current pulse detected by the as—
sociated electronic circuitry will signify the detection of
the photon. Due to their singlephoton sensitivity and
high timing resolution SPADs are widely used for low
flux and high speed photon detection such as positron e—
mission tomography ( PET)  fluorescent lifetime imaging
( FLIM)  fluorescence correlation spectroscopy ( FCS)
as well as 3D optical ranging ' .

SPADs implemented in standard CMOS technology

can be integrated together with on—¢hip readout and sig—
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nal processing circuits resulting in a monolithic large ar—
ray with thousands of pixels. This opens the way to real—
ize a fully integrated low-cost and high-performance sys—
tem for high-sensitivity imaging > . Therefore CMOS
SPADs are arousing great interest in many single photon
detection applications in which accurate measurement of
photon arrival times is required > . In particular SPAD
arrays with integrated readout circuits aimed at 3D ima-
ging application were reported A

The earliest design of CMOS SPADs appeared in
2003 ° and then many groups worldwide developed va—
rious SPAD structures at different CMOS technology
nodes for coping with premature edge breakdown
( PEB) electric field uniformity tunneling effects wide
depleted region thickness and so on "' . Imaging appli-
cation requires high-density SPAD arrays integrated with
in-pixel electronics hence pixel pitch does play an im—
portant role in the design of CMOS SPAD arrays.

In order to decrease the pixel pitch there are two
ways to be used. One is to reduce the area occupied by
the integrated electronics using simple quenching and
readout circuits instead of complex ones > the other is
to decrease the size of the SPAD by improving its struc—
ture. As CMOS technology scales down the area occu-—
pied by the integrated electronics is promptly reduced
resulting in the reduction of CMOS SPAD arrays "
Nevertheless the size of the SPAD itself impedes the fur—
ther scaling down of CMOS SPAD arrays. Therefore the
integration of small size pixels and low dark count rate
( DCR) high photon detection efficiency ( PDE) SPADs
arouses widespread concern '

The smallest SPAD device with a 2-um active diam—
eter was reported using shallow trench isolation ( STI)
guard ring but the DCR was extremely high ( about 100
kHz) " . The p + /n-well SPAD with a traditional p—
well guard ring cannot be scaled down much below 5 pm
because of the expansion of the depletion regions around
the p-well implants * . Especially in deep sub-microme—
ter CMOS technology the depletion region of SPAD de-
signed using p + /n-well junction becomes narrow due to
high n-well doping concentration resulting in a high
dark noise by tunneling with reduced PDE “** . Rich-
ardson et al. presented a novel design in 2009 '° and
later extensively discussed it in 2010 7 . This new de-
sign which was implemented in a 130-nm CMOS tech-
nology is formed by lightly doped p-well and deep n-
well ( DNW) layers with a virtual guard ring formed by
a retrograde profile. Because of the lower doping concen—
trations the depletion region of this device is wider than
that of the traditional p + /n-well SPAD so as to reduce
the tunneling noise and broad the spectral response to—
ward the longer wavelength region with high PDE '° . In
particular this SPAD device can be scaled down to a 2—
pm active diameter with a low DCR of about 9 Hz which
is a strong candidate for single photon detection applica—
tions requiring high spatial and temporal resolution "

In order to further scale down the SPAD device re—
ported in Ref. 17  SPADs with different guard ring si—
zes are achieved in a 0. 18 pm CMOS image sensor
( CIS) technology. The rest part of this thesis is organ—
ized as follows: the device structure and simulation re—

sults are presented in Sect. 1 the experimental results
and discussion are shown in Sect. 2 and the conclusion
is given in Sect. 3.

1 SPAD structure and simulation results

The circular device cross section of p-well/DNW
SPAD is shown in Fig. 1. The structure of this device
was detailed in Refs. 1647 The active area is
formed by a lightly doped p-well in conjunction with a
retrograde DNW  which makes doping concentration in—
crease from a low level at the surface to a high level dee—
per into the wafer. The DNW is connected to the n +
cathode through n-well. The p-well and n-well are de-
signed with a gap in between by blocking peripheral p-
well formation and the gap length is marked with D.
Therefore the p-well is surrounded by the DNW  which
causes the region around the periphery of p-well to be ef-
fective n— thus forming a virtual 3D guard ring to avoid
PEB. In addition in order to minimize the DCR of this
device STI is avoided near the multiplication region to
prevent the electron generation from interface traps.

cathode anode cathode
| |
P+
STI STI= 2w < Dugy STI
p-well

deep n-well (retrograde)

p-sub

Fig. 1 Schematic cross section of the p-well/ DNW SPAD
1 p-well/DNW SPAD

As is shown in Fig. 1 the decrease of the gap
length D will reduce the size of the detector accordingly
scaling down the SPAD array and improving the fill factor
of imaging system " . But excessive shrinking of the gap
can lead to PEB and the retrograde DNW cannot work
as a guard ring because the n— density around p-well
edge becomes large enough due to the lateral diffusion of
n-well. Therefore this structure has to be optimized to
obtain the minimum guard ring size. For this purpose
SPADs with different gap lengths are being studied.

To evaluate the smallest value of the gap length D
2D process and device simulations were performed using
Silvaco TCAD. Device structures were defined by Athe—
na and device simulations were done using Silvaco’ s
Atlas device simulator based on the structure implemen-—
ted above. When the device was being simulated the
output current was measured at the cathode while the
anode and the substrate were connected to the ground.

Several devices with different diameters and varied
gap lengths were simulated. The simulation results show
that the devices with different diameters and the same
gap lengths have the same reverse IV characteristics be—
cause of the same impurity concentration distribution in
the devices. Therefore only the simulated reverse [
characteristics of SPADs with varied gap lengths are
shown in Fig. 2. It indicates that the breakdown voltage
of devices with gap lengths D<0.2 pm is smaller than
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that of devices with gap lengths larger than 0. 2 pm
( whose breakdown voltage is about 16 V). This implies
that PEB occurs when the gap length D decreases to 0.2
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Fig.2 Simulated reverse IV characteristics of SPADs with dif-
ferent gap lengths
2

SPAD v

The electric field distributions at breakdown of
SPADs with diameters of 20 pm 10 pm and 2 pm for
D = 0.4 pm and D =0.2 um are plotted in Figs. 3( a-
f) respectively. Figures 3( a-¢) display that the high
field region ( orange) is localized uniformly at the center
region where p-well overlaps DNW and there is a natu-
ral reduction from medium ( green) to low ( blue) at the
edge of the active region. This indicates that the guard
ring is efficient for preventing the SPAD from PEB when
D =0.4 um. Figures 3 ( d-f) show that the high field re—
gion ( orange) is localized at the side junction of the de—
vice indicating the ineffectiveness of the guard ring
when D =0.2 pm.

In order to better characterize the SPADs and deter—

Data from D=0.4 pm.str

Data from D=0.4 pm.str

mine the exact breakdown location the current density in
the SPADs were simulated under 16-V reverse bias volt—
age. This bias is just to let SPAD break down so the
breakdown spot can be determined from the breakdown
current flow. Figures 4 (a-¢) show the current density
simulation results when the gap length D is 0.4 pm. It
can be observed that the current flows through the center
of the junction which clearly manifests that the sponta—
neous avalanche breakdown occurs at the center of the
active area where the electric field strength is highest.
From Figures 4 ( d) one can see that when D = 0.2
pm the breakdown happens at the side junction of the
SPAD.

The above experimental results show that because
the distribution of impurity concentration of the guard
ring is the same the minimum guard ring size of SPAD
devices with different diameters is also the same and its
value is 0.4 pm.

2 Experimental results and discussion

In order to find the minimum gap length in a 0. 18
pm CIS technology four SPADs with different gap
lengths were designed. Figure 5 shows the micrograph of
the fabricated SPADs whose active diameters are all 20
pm  while the gap length D has four different values:
1.2 pm 0.8 pm 0.4 pm and 0.2 pm.

The reverse [V characteristics of the SPAD designs
were measured using Keithley source meter ( Keithley
6517) and are plotted in logarithmic scale in Fig. 6.
One can see that the breakdown voltage of the 0.2 pum
gap SPAD is smaller than that of the remaining three de-
vices which show an avalanche around a measured re—
verse bias voltage of 16 V with a dark current less than 1
nA. It implies that the 0.2 pm gap SPAD is not func-
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Fig.3 Simulation results of electric field for devices with diameters of 20 pm 10 wm 2 pum respectively ( a-«€) when D = 0.4 um

(d4) whenD = 0.2 pm
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Fig.5 Micrograph of SPADs fabricated in a 0. 18 pm CIS
technology

5 0.18 um SPAD

tional but the gap with its size decreased to 0.4 pm can
still effectively work as a guard ring. That’s to say the
gap length of this SPAD in the 0. 18 wm CIS technology
can be scaled down to 0.4 pm.

The photon detection probability ( PDP)  which re-
presents the ratio of the number of detected photons over
the number of incident photons was measured over a
wavelength range from 300 nm to 1 100 nm at room tem—
perature with an excess bias voltage of 500 mV and it is
shown in Fig. 7. It is found that the size of the guard
ring has no great influence on the PDP. The typical PDP
of 16% is less than that reported in Ref. 9  but it
presents a broader spectral response shifted toward the
longer wavelength region with a peak value wavelength a—
round 530 nm larger than that of p + /n-well junction
which peaks at 430 nm ° .

DCR measurement was achieved by counting the
number of avalanche pulses when the SPAD was biased
above its breakdown voltage in complete darkness. A
passive quenching was chosen to measure the DCR of
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Fig. 6 Measured reverse [V characteristics of SPADs with
varied gap lengths
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Fig.7 Measured PDP of SPADs with varied gap lengths

7

SPADs in this paper. The schematic of the test circuit is
shown in Fig. 8. The cathode of SPAD is connected to a

SPAD
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voltage source V, through a high-value quenching resist—
ance R, thus the excess bias voltage V. =V, - Vy,
where Vi, is the breakdown voltage. The high-value
quenching resistance R, is usually tens of k() (20 k() in
this paper) the little sensing resistance R connected
with the anode is set to be 50 ) and the substrate of
SPAD is connected to the ground. The signal sensed by
R, is amplified by the amplifier first and then compared
with a reference voltage and finally connected to a high
performance oscilloscope ( OSC) to count DCR.

SPAD

p-wel

omparato; OsC

Rs

Schematic of the measurement circuit of SPAD

Fig. 8
devices

8 SPAD

Figure 9 shows the measured DCR as a function of
the excess bias voltage V_ ( ranging from 0.5 V to 5 V
with a 0.5 V step) at room temperature. We can see
that the DCR seems to increase linearly with the in—
crease of V,_ because of the increasing avalanche break—
down probability and tunneling carrier generation. On
the other hand the DCR does not show a significant
difference with different gap lengths at the same excess
bias voltage because the dark carriers generated in the
side junction cannot trigger avalanche due to the low e—
lectric field caused by the guard ring. When V_ increa—
ses from 0.5 Vto 5 V the typical DCR varies from 0. 52
kHz to 3.02 kHz showing a lower DCR/area value than
that reported in Ref. 17
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Fig.9 DCR of SPADs at different excess bias voltages
9 SPAD DCR

The DCR of SPAD at different temperatures when
V. remains at 1.0 V is shown in Fig. 10. The typical
DCR increases from 0. 14 kHz to 3. 01 kHz with the tem-

perature varying from 0°C to 60°C  and it is lower than
that reported in Ref. 9 . This is mainly due to Shock-
ley Read Hall ( SRH) thermal generation. At the same
time the band-to-band tunneling effect also contributes
to this phenomenon ' "7 . Therefore it is quite indis—
pensable to make SPAD present acceptable levels of DCR
in practical applications
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Fig.10 DCR of SPADs at different temperatures
10 SPAD DCR

3 Conclusion

In this paper the p-well/DNW single photon ava—
lanche diode ( SPAD) implemented in a 0. 18 pm CMOS
Image Sensor ( CIS) technology has been designed fab—
ricated and tested. Four SPADs with different gap lengths
were designed to demonstrate the successful scaling down
of the guard ring. The guard ring can be decreased to
0.4 pm to make SPAD operate in Geiger mode to imple—
ment photon detection and there is no significant impact
on the dark count rate ( DCR) and the photon detection
probability ( PDP) of p-well/DNW SPADs. Moreover
the SPADs for 20 pum diameter active area achieve a low
DCR and a broad spectral response. Therefore the p—
well/DNW SPAD can be used for high spatial resolution

array in 3D imaging applications.
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