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Circular single-photon avalanche diode with high premature edge
breakdown and extended spectrum
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Abstract: This paper presents a 0. 18 um complementary metal-oxide-semiconductor ( CMOS) technology high
premature edge breakdown, extended spectrum and low dark count rate circular single-photon avalanche diode
(SPAD) which together form a novel wide spectrum fluorescence correlation spectroscopy ( FCS) detector. The
circular device consists of a p +/deep n-well junction, a p-well guard-ring, and a poly guard-ring. Simulations on
a Silvaco TCAD 3D device also show that the 10 pwm-diameter circular p +/deep n-well SPAD device has high pre-
mature edge breakdown characteristics. Moreover, compared to the SPAD p +/n-well junction, the p +/deep n-
well junction has a longer wavelength response and spectral expansion. The device achieves wide spectral sensitivity
enabling greater than 40% photon detection probability from 490 to 775 nm wavelength at 0. 5 V excess bias. The
circular p +/deep n-well SPAD has fine avalanche breakdown (15.14 V) and a low dark count rate of 638 Hz at
25C.

Key words: single-photon avalanche diode( SPAD) ,premature edge breakdown (PEB), dark count rate( DCR) ,
spectral expansion
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Introduction

Single-photon avalanche detectors (SPADs) are PN
junction devices biased by Geiger Mode, i. e., devices
with bias voltage beyond their breakdown voltage. The e-
lectric field in the SPAD multiplication region is so in-
tense that a single photon carrier is sufficient to begin a
self-maintained avalanche by impact ionization due to the
generation of photons, which creates high pulse signa-
ling. A single photon can thus be detected by the associ-
ated electronic circuitry "', SPADs can detect the arrival
resolution of individual photons in dozens of picoseconds
time'?’.  Photon-counting devices are widely used in
quantum key distribution systems for the purposes of sin-
gle molecule detection' ™. Researchers have developed
solid-state SPADs as CMOS technologies suited to an ar-
ray of science and engineering applications”’. CMOS
SPADs'® have been successfully applied in low-noise,
high timing resolution, and high dynamic ranges'’’.

Recent scholars have focused on developing new
SPADs with low DCR[M] , wide spectral response """
small pixel size'?" | and low breakdown voltage'"”’. New
CMOS SPAD designs tend to center on enhanced fill fac-
tor, reduced edge breakdown, and increased long-wave-
length detection. The SPAD with a p +/deep n-well
junction of deep sub-micrometer CMOS technology pro-
duces high dark noise by tunneling while minimizing pho-
ton detection efficiency (PDE). However, the low do-
ping concentration of the deep n-well makes the p +/
deep n-well junction deeper and the detected wavelength
move towards a longer wavelength.

A variety of SPAD shapes (e. g. , circular, octago-
nal, ellipsoidal) have been proposed to improve the de-
vice performance ™', In this work, we fabricated the
proposed SPAD in a 0. 18 pm CMOS process with a 10
wm active diameter. The SPAD’ s circular structure ef-
fectively reduces the electric field concentration at cor-
ners, and thus effectively prevents edge breakdown and
increases the fill factor.

1 P +/deep n-well versus p +/n-well
junction SPAD

The circular device consists of a p +/n-well junc-
tion, a p-well guard-ring, and a poly guard-ring. A
cross-section of the SPAD structure is shown in Fig. 1.
The SPAD has a narrow depletion layer and a strong elec-
tric field, which raises the avalanche breakdown proba-
bility. The spectral response of the device is biased to-
wards the blue band. The p-well, as a guard ring, mer-
ges with the depletion layer when the p +/n-well SPAD
is relatively small in size. As the breakdown voltage of
the device increases, the p +/n-well loses its efficacy as

the diameter of the source area is 5 pdm:lsi. In this stud-

y, we used a source area of 10 pm.

Fig.1 P +/n-well junction SPAD structure
El 1 P+/n B4 SPAD #4544

Fig.2 P +/deep n-well junction SPAD structure
K2 P+/% nBF45 SPAD #1451y

The p +/deep n-well junction SPAD has a wide
wavelength response to suit the wide-spectrum detector,
because electrons generated in the wide junction trigger
the avalanche with high impact ionization possibilities. A
cross-section of the SPAD structure is shown in Fig. 2.
The deep n-well with a small doping concentration in the
structure replaces the n-well, and the p +/deep n-well
forms an active multiplication junction. The device has a
wide depletion layer which allows for extended spectrum
response. The p +/deep n-well and p +/n-well junction
of SPAD structure we tested are described in Table 1.

The two devices retain the STI around the protection
ring to reduce the width of the protection ring. The Silva-
co TCAD simulation of electric field are shown in Fig. 3,
indicating that the protection ring prevents edge break-
down. Compared with P + /Deep n-well junction SPAD,
the doping concentration of P +/N-well junction SPAD
has been increased, the depletion layer has been nar-
rowed, and the breakdown voltage has been decreased.

As shown in Fig. 4, the photoreceptor depth of the p
+/n-well junction SPAD and p +/deep n-well junction
SPAD is 0.2-0. 6 um and 0. 2-0. 9 pm, respectively.
Deeper junctions absorb photons at longer wavelengths
providing improved PDE toward the red band of the spec-
trum. The 2D Silvaco TCAD simulation results show that
the p +/deep n-well junction SPAD has the wider spec-
tral response between them.

2 Octagonal versus circular SPAD

Two shapes of SPAD were tested in this study as per

Table 1 The size of p +/deep n-well and p +/n-well junction SPAD structure

&1 P+/&F nBiA0 p +/n B SPAD £ R~T&

Device name b1 b2 b3 b3 b6 b7 Shape PN junction
(pm) (pm) (pm) (pm) (pm) (pm) (pm)
Circular p +/n-well SPAD 2.1 10 3 2.5 1.6 2.9 Circular p +/n-well
Circular p +/deep n-well SPAD 2.1 10 3 2.5 1.6 2.9 Circular p +/deep n-well
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Fig.3 Electric field in p +/n-well junction SPAD(a) and p
+/deep n-well junction SPAD(b)

B3 P+/n B4 SPAD(a) Ml p + /3 n BF45 SPAD(b) Hy
Yoy A

1.0
12 14 16 18 20 22 24 26

(b)

12 14 16

18 20 22 2

(a)

Fig.4 PN junction electric field in p +/n-well junction
SPAD(a) and p +/deep n-well junction SPAD(b)

K4 P+/nBkgs SPAD(a) fl P + /3% n PJk45 SPAD(b) 1
PN 45 #1557 A1

their effects on the edge breakdown. As shown in Fig. 5,
we used a Silvaco TCAD 3D device to simulate the octag-
onal and circular p +/deep n-well junction SPADs. The
electric field of the octagonal SPAD edge is greater than
that of the circular SPAD edge, which is mainly due to
the large curvature of the p-n junction and sharp SPAD
shape. The octagonal and circular SPAD structure we
tested are described in Table 2.

We found that the electric field of the octagonal
SPAD edge is greater than that of the circular SPAD edge
(red circle, Fig. 6). The circular shape SPAD reduces
the electric field concentration and prevents premature
edge breakdown.

3 Experiments and discussion

To optimize the structural shape and junction doping
concentration of the SPAD device, we fabricated different
SPADs in 0. 18 um CIS technology. A photomicrograph
of the chip is shown in Fig. 7. The circular p +/n-well
junction SPAD, circular p +/deep n-well junction
SPAD, and octagonal p +/deep n-well junction SPAD

Table 2 The size of octagonal and circular SPAD structure
£ 2 AR SPAD F[EF SPAD £H# R~k

Fig.5 Silvaco TCAD 3D device simulation for octagonal
(a) and circular (b) p +/deep n-well junction SPADs

El5  JJE (a) MBE p +/8 n BF45 SPAD(b) /1y Silva-
co TCAD 3D #3{4-fij L4514 5]

8 12 16 20 24 28 32 8

(a)

12 16 20 24 28 32

(b)

Fig. 6 Electric field in octagonal (a) and circular (b) p
+/deep n-well junction SPADs

6 J\FJE P+/% n B (a) MEJE P+ /% n Bf SPAD
(b) & T .37 43 A

are shown from left to right in Fig. 7.

A passive quench circuit was used to measure the
dark count rate (DCR) of the SPADs; the measurement
circuit is shown in Fig. 8. The cathode of the SPAD was
connected to the voltage source Vi ... + Viiaown and the

anode to the ground at a 51 k) quenching resistance.
The SPAD test platform and quenching circuits ( Fig. 9)
were measured for DCR in darkness.

Figure 9 shows a test platform which consists of
three templates representing a DC power supply, digital
oscilloscope, and the proposed SPAD plus quenching cir-
cuits, respectively.

The inverse I-V characteristics of the three SPADs
were measured as shown in Fig. 10. The breakdown volt-
age of the circular p +/deep n-well junction SPAD, the
octagonal p +/deep n-well junction SPAD, and the cir-
cular p +/n-well junction SPAD are approximately 15. 14
V, 15.12 V, and 10.62 V, respectively (Fig. 10). The
breakdown voltage of the circular p +/deep n-well junc-
tion SPAD is approximately 15. 14 V, which exceeds the
13.9 V reported in the literature circular device'"'' due
to the 0. 13 pwm CMOS technology, in which the doping
concentration is relatively large and the breakdown volt-
age is small. Under the same bias voltage and non-break-

Xcess

D1 D2 D3

D4

D5 D6 D7

Device name Shape PN junction
(jum) (jum) (jum) (jum) (m) (pm) (jum) r !
Circular p +/deep n-well SPAD 2.1 10 3 2.2 2.5 1.6 2.9 Circular p +/deep n-well
Octagonal p +/deep n-well SPAD 2.1 10 3 2.2 2.5 1.6 2.9 Octagonal p +/deep n-well
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Fig.7  Micrograph of SPADs fabricated in 0. 18 pm CIS
technology of (a) the circular p +/n-well junction, (b) the
circular p +/deep n-well junction, and (c) the octagonal p
+ /deep n-well junction
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SPAD, (c¢)/\iif p +/% n P45 SPAD (1 0. 18 um CIS
FARE R AU

VExcc<ﬁ+VBr=akdnwn
- Cathode__ _ -
R
! SHAD
1 1
( I
i I
v\
1 P+ J
T T Anod¢ T~
Probing node
O
Deep n-yell
R quencting Cpamsilic
51kQ -_r
P-sub
= —

Fig.8 Measurement circuit of the SPAD device
8  SPAD gafiillist e i el

down edge condition, the photocurrent of the circular p
+/n-well junction SPAD is particularly large.

The DCR and bias voltage have linear relationship at
room temperature ( Fig. 11) due to the probability of ava-
lanche breakdown and the generation of tunnel carriers.
An excess bias voltage ranging from 0.1 V to 1 V was
applied with a 0.1 V step. The DCR of the circular p +/
n-well junction SPAD is much greater than that of the
circular p +/deep n-well junction SPAD at the same ex-
cess bias voltage to the photosensitive junction concentra-
tion and high avalanche breakdown probability. At room
temperature, the octagonal and circular p + /deep n-well

junction SPAD DCRs are 112 Hz and 105 Hz, respec-

Fig.9 Test platform of the SPAD with its quenching
circuits

K19 SPAD #ah A K L Ik F-

Circular p+/n-well SPAD
Circular p+/deep m-well SPAD

Octagonal pt/deep n-well SPAD

Cathode Current/A

15.14, 2.97E-09
10.62, 3.80E-09

15.12, 1.96E-09
6 8 10 12 14 16

Reverse Voltage/v

Fig. 10 SPAD breakdown voltage versus diameter for circu-
lar p +/n-well SPAD and circular p +/deep n-well SPAD
and octagonal p +/deep n-well SPAD

K10 [ p + /% n BE4E SPAD, N p + /% n BE4h
SPAD FIEJE p +/n B4 SPAD (4 H i HEL EfR P i 42 IR
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Fig. 11 SPAD DCR at varying excess bias voltage

B 11 SPAD feid &K N AR ER M

tively, when the excess bias voltage is 1 V.

The photon detection probability ( PDP), which is
the ratio of the quantity of detected photons over the
quantity of incident photons, was measured over a wave-
length range from 400 nm to 1 100 nm at room tempera-
ture with an excess bias voltage of 500 mV. As shown in
Fig. 12, the p +/n-well junction SPAD detected a wave-
length range with maximum PDP of 565 nm, or 16%.
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Fig. 12 Spectral responses of three different SPAD structures at
T=25C
K12 =FiOR[E SPAD 74 G 3G 1 Il i A]

The circular p +/deep n-well junction SPAD has longer
wavelength response with a peak value wavelength up to
775 nm. The device achieves spectral response sensitivi-
ty with above 40% PDP from 490 to 775 nm wavelength,
and the spectral response is enlarged.

The proposed circular SPAD device with p +/deep
n-well junction allows active multiplying junctions with
deep n-well shallow n-type doping, increases the deple-
tion layer width compared to the other SPADs, and de-
tects light over a wide spectrum and long wavelength;
however, its PDP is relatively low. As shown in the dia-
gram, the loss region is relatively thick and it is to some
extent beneficial to enhancing the spectral response.

4 Conclusion

A circular p +/deep n-well junction SPAD imple-
mented in a 0. 18 pm CMOS technology was introduced
in this paper. The circular device consists of a p +/deep
n-well junction, a p-well guard-ring, and a poly guard-
ring. The circular p +/deep n-well junction SPAD, oc-
tagonal p +/deep n-well junction SPAD, and circular p
+ /n-well junction SPAD were compared to find that the
p +/deep n-well junction SPAD has extended spectrum
response characteristics relative to the p +/n-well junc-
tion SPAD; the former device achieves wide spectral sen-
sitivity with above 40% PDP from 490 to 775 nm wave-
length at 0.5 V excess bias. Theoretical analysis, simu-
lation via Silvaco TCAD 3D device, and measurements
together indicated that the avalanche breakdown voltage
of the circular SPAD device with 10 pm diameter is
15.14 V. It also shows high premature edge breakdown
and low DCR of 638 Hz at 25°C.
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