5537 &5 1 ]
2018 4E2 A

LA 5 2 Ok P il

J. Infrared Millim. Waves

Vol. 37, No. 1
February,2018

XEHE. 1001 —9014(2018)01 - 0030 - 06

DOI:10. 11972/j. issn. 1001 —9014. 2018. 01. 007

2.

Design and implementation of high performance single-photon
avalanche diode in 180 nm CMOS technology
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Abstract: A wide spectral range and fast Single-photon avalanche diode (SPAD) chip which can be integrated with
actively quenching circuit for large array realization is designed and implemented. The precise circuit model of SPAD
for simulating the static and dynamic behaviors in Geiger-mode is used. The device with an 8 wm diameter active are-
a is fabricated in GSMC 180 nm CMOS image sensor (CIS) technology. With the efficient device’s structure, the
low breakdown voltage is 15.2 V and quenching time is 7.9 ns. Additionally, the device achieves wide spectral sen-
sitivity and enables maximum photon detection probability (PDP) of 15.7% from 470 to 680 nm of wavelength at

low excess voltage. Moreover, it exhibits a relatively low dark count rate (DCR) at room temperature.
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Introduction

Among the advanced CMOS image sensors reported
before , the most appealing options in terms of high sensi-
tivity and fast timing are those based on Single-photon
avalanche diodes (SPADs)'"'. SPADs are conventional

devices, which are able to detect single photons thus al-
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lowing the measurement of weak optical signals. These
devices are used in diverse time correlated applications,
such as blomedlcal diagnostics'*
space telescopes” and 3D cameras.

Essentially, a SPAD device is a common P-N junc-
tion, operating in Geiger-mode, reverse biased at a volt-
age ‘V,’ well above its breakdown threshold *V,”. As
the electric field is so high that a single charge carrier in-

, fast optical imaging,
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jected in the depletion layer may trigger a self-sustaining
avalanche, the current rises promptly to a macroscopic
steady level. Current keeps flowing until the charge mul-
tiplication process is interrupted by lowering the reverse
bias of the junction below the Vy; for avoiding permanent
damage in SPAD and detecting subsequent photons'*!.
Therefore, appropriate quenching electronic circuit is
needed for every SPAD pixel.

In consideration of well designing an integrated
SPAD array detector, it is necessary to set up a precise
circuit model for SPAD and to improve SPAD perform-
ance. Therefore, an accurate SPAD model consisting of
generic analog components and a behavioral description
by Verilog-A language is used in this work to model the
static and dynamic behaviors. Moreover, the main pho-
ton-sensitive junction with a wide depletion region is de-
signed to enhance spectral response.

Based on the adopted model, a set of STI-Bound
SPAD devices fabricated in GSMC 180 nm CIS technolo-
gy has been designed and tested. The superior perform-
ance of SPADs in standard CIS process has also inspired
the integration of linear arrays of SPAD with dedicated
processing circuitries for three-dimension imaging purpo-
ses.

1 Precise circuit model of SPAD

A piecewise linear model through a behavioral de-
scription by Verilog-A codes is used”’ | which can over-
come some typical disadvantages of inadequate accuracy
and convergence problems reported in tradition mod-
els'™®!. The schematic diagram of the used precise model
is shown in Fig. 1, which is mainly composed of the
central processing module CP, a voltage comparator
COMP and an ideal set-reset latch SR_LATCH. CP im-
plements the piecewise linear characteristic as sketched
in Fig. 2(a), and both CP and COMP are implemented
by Verilog-A languages. Switch T controls the avalanche
triggering. C, is stray capacitance of the depletion layer,
and C, is the parasitic capacitance, which mainly de-
pends on the practical SPAD structure and the associated
quenching circuit.

C(Cathode)

COMP

I-|_| S O\

—R
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Laser pulse SR_LATCH + CPp
Ispad

A(Anode)
)

Fig.1 schematic diagram of the precise model
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The model provides a more exact static description

of SPAD and can quench the avalanche current automati-
cally when the bias voltage ‘V,’ is below the breakdown
voltage ‘V,,’. As a result, the model permits free-run-
ning simulations in Cadence or other circuit simulation
tools. To resolve the convergence problems during simu-
lation, the practical voltage-current characteristic can be
approximated as follows ;

FI(V])) = ]sal, ) ’ (1)
F2(VI)) = [sﬂl X ee‘l‘ilBR > (2)
() ()
Ly (V) ==—nxIn[e” " +e + ] | (3)

“I 7 is the reverse current of the SPAD in linear-mode.

Equation (3) is a continuous and differentiable function
for the voltage-current characteristic. The representative
value of ‘n’ ranges from 10 % to 10 ™°, which is a scal-
ing factor introduced to prevent overflow or underflow
during the computation.

The static behaviors of CP and COMP are described
by Verilog-A codes. The module CP implements Egs.
(1)-(3) after defining the main electrical and simulation
parameters. In the block COMP, the input cathode and
anode voltages are used to evaluate the voltage across the
diode and next compared with Vy;. Module set-reset
latch is composed of two ideal NOR gate, whose set ter-
minal is controlled by the output of the comparator while
reset terminal is controlled by the laser pulse. The ava-
lanche current flows through the SPAD when a photon
reaches and V, is higher than Vg;. The theoretic piece-
wise linear I-V characteristic of accurate circuit model as
depicted in Fig. 2(a) includes three SPAD characteris-
tic parameters: the breakdown voltage V.’ , the re-
‘V.. and the reverse saturation
‘I, . However, the avalanche current of the
traditional model reported in Refs. [6-7] is not saturat-
ed, which violates the apparent fact.

The main parameters of the used precise circuit

model of SPAD are summarized in the Table 1.

verse saturation voltage
current

Table 1 Model parameters for the simulated SPAD Devices
&1 {HHE SPAD SHRIERSH

parameters
Vin 152V
Cp 500 fF
c, 3 F
I, 10 mA
1 1 nA

rev

Preparatory SPECTRE simulations of the used model
is executed and the simulation results of I-V characteristic
of the used piecewise linear model is shown in Fig. 2
(b), incorporated with the theoretic piecewise linear I-V
response.

2 Structure of SPAD

Based on the accurate circuit model, a set of low
breakdown voltage SPADs with p-well guard ring demon-
strating photon counting abilities have been designed. A
GSMC 180 nm CIS technology has been selected for man-
ufacturing the SPAD devices due to extremely high re-
quirement of assembling compact integrated photoelectric
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Fig.2 (a) Theoretic piecewise linear I-V characteristic,
(b) I-V characteristic of the model obtained through SPEC-
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detection circuit in SPAD fabrication .

As can be seen in Fig. 3, the SPAD consists of a P
+/N-well junction and a circular virtual guard-ring
which is made out of lightly doped P-well. A planar and
shallow P +/N-well junction is used to define the active
region for photon detection where charge multiplication
occurs. The space charge region is achieved by diffusing
the curved edge of the P + implant into a surrounding P-
well ring, so as to reduce electrical filed non-uniformities
which can cause premature edge breakdown. Another N-
type well is implanted with a deep N-well retrograde do-
ping profile. The upward diffuse of doped atoms in the
deep wafer improves the active regions ability of collec-
ting charges. Note that the STI delimits the SPAD, while
the P-well guard ring ensures that the electric field is
maximized in the center of the device®’. Moreover, all
the non-active areas of SPAD are covered with the metal
layers to avoid lighting, which can cause higher noise and
higher after-pulsing probability.

Fig.3 The cross section of the designed SPAD
K3 Bitny SPAD fe i [

3 Passive quenching and actively quench-
ing circuit

It is necessary to stop avalanche current to avoid de-
stroying the SPAD device. Two kinds of quenching cir-
cuits are adopted to perform this quenching operation by
promptly lowering the reverse bias voltage down to or be-
low Vig. Finally, the bias of the SPAD requires to be re-

stored to its initial value to detect new incoming photon.

}Lm

MP3
—R Comparator \Rea dout
VREF ..
Reer C Digital buffer

O

SPAD
1 A

'VBR
(®)
Fig.4 (a) Passive quenching Circuit and (b) actively
quenching circuit of the designed SPAD device
K4 (a)iitny SPAD #eah kL, (b) Beit iy SPAD
B LY N

Particularly, a resistance in series with the SPAD
makes up the simplest quenching circuit shown in Fig. 4
(a), implementing the so-called passive quenching elec-
tronics''”’. Due to the parasitic capacitances of the
SPAD, by using a high value ballast resistance R, pas-
sive quenching leads to a small quenching time at the ex-
pense of a high resetting time and vice versa that a low
value of the resistance improves the performance during
the resetting phase at expense of the quenching time. In
this case, optimum value of the ballast resistance about
100 kQ is chosen to minimize the dead time.

Figure 4 (b) shows the schematic for the actively
quenched SPAD'""" | composed of a current mirror, an
external resistor R, a fast voltage comparator and a dig-
ital buffer followed by readout circuit. A simple PMOS
current mirror is composed of transistor MP1 and MP2
with the current value set by R, whose value is 100
kQ. When no photon arrives, no current flows through
the SPAD at this time, and the MP2 operates in the deep

triode region. At this point, the source and drain voltage
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of MP2 are both excess voltage ‘V_ ’, and the voltage

across the SPAD is V_ + Vi, When an avalanche
process occurs within the SPAD triggered by an incoming
photon, the voltage across the SPAD immediately drops.
In this case, MP2 now operates in the saturation zone
and acts like a constant current source. If the internal re-
sistance of the current source is so high that the voltage
across the SPAD drops down to Vg5, then the avalanche
will be stopped. The current for MP2 now recharges the
internal depletion and parasitic capacitances and the cir-
cuit resets ready for detecting next photon. In addition,
the output signal of SPAD’ s cathode passes through MP3
(when V , is low) to fast comparator and compares with
Vigr (Vigr < V..). Finally, the output pulse of compara-
tor buffered by digital buffers and can be read out .

4 Experimental results and analysis

Figure 5 shows the microphotograph of the circular

SPAD fabricated in commercial GSMC 180 nm CIS tech-

[12]

nology with an 8 pm diameter active area

Fig.5 Micro-photograph of the SPAD fab-
ricated in GSMC 180 nm CIS technology
KIS BT iR A 180 nm B IL AR
T. 21 SPAD 1) i faltd e A

Figure 6 shows a test platform, which consists of

three modules, A, B and C, representing DC power sup-
ply, digital oscilloscope and the designed SPAD with its
quenching circuits respectively.

Fig.6 Test platform of the SPAD with its quench-
ing circuits

K6 SPAD JzH K L i ALY 5 P&

A. I-V characteristic
I-V characteristic simulation and measurement on

the reverse biasing condition for the SPAD are performed
at room temperature represented on Fig. 7.

It is easy to observe that the experimental data of the
practical device is basically consistent with the simulation
result of the used model in logarithmic coordinates. To
be more specific, “1_,,’ increases slowly until bias volt-
age reaches at 15.2 V in both of I-V curves, and then
grows exponentially due to avalanche multiplication, and
eventually trends to steady level. Therefore, it verifies
the effectiveness of the accurate circuit model. Besides,
this model can efficiently guide the design and manufac-
ture of the actual device, which improves the rate of suc-
cess of the design, and the actual device has been ap-
plied in the 3D image sensor.

surement resnlt
simulation result

Fig.7 Simulation result of the model and experimen-
tal data of SPAD developed by GSMC

K7 SPAD Wi~/ Y fjy BLA5 SR b i 2 ) i i )
SPAD /-l 145 R

B. Quenching time

Figure 8 reports the sensor’ s cathode voltages after
quenching using the two quenching circuits depicted in
Figs. 4(a) and (b) respectively.

actively quenching
assive quenching

I

time/ns

Fig.8 SPAD’ s cathode voltages by using the actively
quenching circuit and passive quenching circuit

8 flH S A w sl K AL 9 SPAD BRI AL AH

As can be easily seen, setting V. equal to 4.8 V,
the SPAD device gives an actively quenching time of 7.9
ns against the result of 10. 35 ns by using the passive
quenching circuit. The actively quenched SPAD offers
lower quenching time than passive quenching which is
explained by the excess voltage producing a relative high
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avalanche current, hence improving the speed perform-
ances.

C. Dark count rate (DCR)

The DCR measurement is conducted in the dark
condition to count the number of avalanches pulse when
the SPAD is reversely biased by a voltage larger than
Vig- The cathode of SPAD is connected to a high resolu-
tion oscilloscope as shown in Fig. 6 to count DCR with
the excess bias voltage ranging from 0.5 V to 3.5 V at
room temperature. The relationship of DCR and V_ is il-
lustrated in Fig. 9. We can see that DCR increases line-
arly with the increase of excess bias voltage V. which is
mainly due to the band-to-band tunneling and trap-assis-
ted tunneling carrier generation. When V__increases from
0.5 t0 3.5V, the DCR of our designed SPAD varies from
0. 085 kHz/um’ to 2. 5 kHz/um” much lower than the
DCR of 100 kHz in Ref. [ 13 ], which means our design

benefits from rare trap center.
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Excess bias voltage/V
Fig.9 DCR of the SPAD at different excess bias volt-
age
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D. Photon Detection Probability (PDP)

As illustrated in Fig. 5, the breakdown voltage
(15.2 V) indicates that the depletion region is relatively
thick, and it is also helpful to enhance the spectral re-
sponse in some degree.

A SPAD’ s sensitivity to incident photons is charac-
terized by the PDP that quantifies the probabilities that a
photon impinging on the detection triggers avalanche.
The PDP measurements conduct at 0.5 V, 2.5 V and 5
V of excess bias voltage (V. ) to check that the p +/n-
well SPAD works without edge breakdown. It achieves
PDP of 15.7 % from 470 nm to 680 nm at V., of 5 V as
shown in Fig. 10 (a), which is wider than previous
work'"*) in standard CMOS technology. Additionally, it
shows that the larger the V is, the higher PDP of the de-
vice at room temperature for blue led, green led and red
led is, as depicted in Fig. 10(b). Especially, the most
sensitive band for detection is 540 nm with the designed

SPAD.
5 Conclusion

A SPAD chip can in companion with actively
quenching circuit implemented in GSMC 180 nm CIS
technology is presented. The accurate model is imple-
mented through a mixed circuital/behaviors description
which includes generic analog circuit elements and Veril-

ptn-well SPAD

Photon detection probability/%

200 400 600 800 1000 1200
Optical wavelength/nm
(€))
p+n-well SPAD

Blue LED (470 nm)
Red LED (660 nm)
Green LED (540 nm)

Photon detection probability/%

1.00 2.00 3.00 4.00 5.00

Excess bias voltage, Ve,/V
(b)

Fig. 10 (a) PDP of the designed SPAD versus
wavelength; (b) PDP of the designed SPAD versus
excess bias voltage
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0g-A codes. The experimental data extracted from practi-
cal devices developed by GSMC Microelectronics exhibi-
ted superb fitting with the SPECTRE simulation results of
the model. A piecewise linear approximation is used to
emulate the realistic I-V curve, which greatly improves
the simulation accuracy. Moreover, the high performance
SPADs with an 8 wm diameter active area are able to a-
chieve low breakdown voltage of 15.2 V and quenching
time of 7.9 ns. It realizes the goals that DCR can range
from 0.085 to 2.5 kHz/pum’ within 3.5 V excess voltage
and that the PDP is 15.7 % from 470 nm to 680 nm at 5
V excess voltage. Thus, the performance improvements
in the fabrication of CMOS avalanche photon diodes cre-
ate the opportunity to integrate these low voltage and ul-
tra-fast SPAD arrays with readout circuits in the 3D im-
age sensor.
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