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Modeling With RTS Noise Characterization of Novel
Embedded Photogate Single-Photon Avalanche
Diode for Circuit Simulations

Jian Yang, Yang Wang, Xiangliang Jin

Abstract—Single-photon avalanche diodes (SPADs) are widely
used for weak light detection due to their high gain and high
sensitivity. Unfortunately, SPAD devices have random telegraph
signal (RTS) noise during the avalanche transition phase, which
makes circuit design more difficult. Therefore, the modeling of
RTS noise in SPAD devices is of great significance for the design
of signal processing circuits. However, RTS noise is not included in
the traditional equivalent circuit model. In response to the above
problems, this paper implements an equivalent circuit model with
RTS noise based on the Cadence. The model is built based on
the basic components in the library, and it has strong application
universality. The model is validated in a novel embedded photogate
SPAD device (EP-SPAD). It accurately simulates the RTS noise and
IV characteristics of the EP-SPAD device. In addition, the threshold
voltage of EP-SPAD device operating in Geiger mode is precisely
defined based on the characteristics of RTS noise. When the reverse
bias voltage is increased from 0 V to 15 V, the IV characteristics of
the model are consistent with the EP-SPAD device.

Index Terms—Silicon nanophotonics, photodetectors, sensors.

1. INTRODUCTION

N THE fields of fluorescence lifetime imaging, quantum
I communication and laser ranging, the photon detection prob-
ability (PDP) and noise performance of photodetectors are very
important [1], [2], [3]. Unfortunately, photomultiplier tubes
(PMT) operate at high voltages [4]. In addition, the manufac-
turing process of the PMT is not compatible with the Comple-
mentary Metal Oxide Semiconductor (CMOS) process, and it
is difficult to integrate with the signal processing circuit. Now,
single-photon avalanche diode (SPAD) devices are widely used
for weak light detection due to their high gain [5], [6], [7].
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Fig. 1. A simple equivalent circuit model of SPAD device.

It can be integrated with CMOS signal processing circuit, the
signal-to-noise ratio (SNR) of the circuit is greatly improved, and
the system volume is reduced [8]. Therefore, accurate simulation
of the electrical behavior of SPAD devices is beneficial to the
design of signal processing circuits [9], [10], [11], [12].
Resistor R_D, voltage V_BR and transistor T_1 constitute a
simple equivalent circuit model of the SPAD device, as shown
in Fig. 1 [13]. V_BR is the avalanche breakdown voltage of the
SPAD device. R_D is the equivalent resistance of the device.
If the reverse bias voltage is greater than V_BR, the device
operates in Geiger mode. The input signal ‘“Photon” is used
to simulate photons. When the input signal “Photon” is high
voltage, the transistor T_1 is turned on, and the model outputs
the avalanche current. This means that the device absorbs pho-
tons and generates an avalanche current. When the input signal
“Photon” is low voltage, the transistor T_1 is turned off, and the
model does not output avalanche current. This means that the
device is not receiving photons. This equivalent circuit simulates
the triggering and shutdown of the avalanche current for the
SPAD device. This provides ideas for model design of SPAD
devices. In 2007, Dalla Mora et al. realized an equivalent circuit
model for SPAD devices based on Cadence [14]. The model
simulates the self-sustaining and self-quenching processes of
SPAD devices. In addition, the model characterizes the reverse
current-voltage characteristics of SPAD devices. In 2009, F.
Zappaet al. implemented equivalent circuit models for SPAD de-
vices in PSpice and Spectre, respectively [15]. This work shows
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Fig. 2.

Structure of the EP-SPAD device.

in detail how to set the parameters of the model based on the
experimental results. In addition, the model shows the forward
region and secondary breakdown effects. However, these models
do not show the reverse current-voltage characteristics of SPAD
devices in the linear region. More importantly, RTS noise is not
included in these models.

RTS noise exists in the avalanche transition phase of SPAD de-
vices. When the SPAD device is biased near its breakdown volt-
age, the SPAD device generates avalanche current. At this time,
the avalanche current of the device is so small that it is not self-
sustaining. Therefore, the avalanche current is self-quenching.
The avalanche current of the SPAD device always switches
between self-sustaining and self-quenching. This shows the
behavior of RTS noise [16], [17], [18]. RTS noise has a negative
impact on the performance of SPAD devices, which increases the
design difficulty of signal processing circuits [19], [20]. In this
paper, a novel embedded photogate SPAD (EP-SPAD) device
is fabricated based on a standard silicon-based 0.18 ym BCD
process, and the RTS noise of the EP-SPAD device is tested,
analyzed, and modeled. The threshold voltage of the EP-SPAD
device operating in Geiger mode is precisely defined based on
the characteristics of RTS noise. The equivalent circuit model
of the EP-SPAD device is built based on Cadence. The model
includes RTS noise for the first time. In addition, this paper
shows in detail how to calculate the parameters of the model
based on the test data. The simulation results show that the
model can simulate the behavior of RTS noise, and it accurately
characterizes the reverse current-voltage curve of the EP-SPAD
device.

II. PRINCIPLE OF THE EP-SPAD DEVICE

The structure of EP-SPAD device is shown in Fig. 2. The
EP-SPAD device is fabricated based on a standard silicon-based
0.18 pm BCD process. The layout and electron microscope
images of the EP-SPAD device are shown in Fig. 3(a) and
(b), respectively. The device is based on a photogate and a
PN junction formed by P+/N-Well to detect photons. The
polysilicon gate and P+ constitute the photogate device. The
spectral response range of the EP-SPAD device is extended
by the embedded photogate [21]. The avalanche multiplication
region is composed of P-+/N-Well.
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Fig.3. (a) The layout of the EP-SPAD device. (b) Electron microscope image

of the EP-SPAD device.

The deep N-well (DN-Well) is used as a dummy guard ring
for the device. The diameter of the active areais 12 ym (D1) and
the diameter of the polysilicon gate is 8 um. P+ is connected to
the gate, which is the anode of the device. N+/N-Well/DN-Well
constitutes the cathode of the device. The avalanche multiplica-
tion region and shallow trench isolation (STI) are isolated by the
gate-all-around design of the device. This is very important to
reduce the dark count rate (DCR) of the EP-SPAD device [22],
[23].

The electric field distribution of EP-SPAD device is simu-
lated based on Technology-Computer Aided Design (TCAD)
platform. The cathode voltage of EP-SPAD device is set to
12 V, and the anode voltage is set to 0 V. When the reverse
bias voltage is greater than the avalanche breakdown voltage,
avalanche breakdown occurs in the reverse PN junction formed
by P+/N-Well. The electric field in the avalanche multiplication
region is very strong. The electric field distribution of the EP-
SPAD device is shown in Fig. 4(a). The electric field intensity of
the x-cutline is shown in Fig. 4(b). The maximum electric field
on the planar PN junction formed by P+/N-Well is about 5.74
x 10° V / cm. The electric field strength of the side junction
is about 2x10° V/cm, which is much smaller than that of the
planar junction. This proves that the DN-Well dummy guard
ring prevents edge breakdown. This is the premise of the device
working in Geiger mode [24]. When a photon is absorbed by a
photogate or a PN junction formed by P+/N-Well, electrons in
the valence band absorb the photon energy and then transition to
the conduction band to form electron-hole pairs. Electron-hole
pairs are accelerated by the strong electric field, and they collide
with the lattice to generate new photogenerated carriers. This
results in a dramatic increase in the number of photogenerated
carriers. Therefore, the output current of the EP-SPAD device is
increased, thereby realizing the detection of weak light.

III. PRINCIPLE OF THE EQUIVALENT CIRCUIT MODEL

Compared with Refs. [16], [17], [18], the depletion region of
EP-SPAD device is wider. There is a depletion region under the
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Fig. 4. (a) Electric field distribution of EP-SPAD device. (b) The electric field
intensity of the x-cutline.

polysilicon gate, and the PN junction formed by P+/DN-Well
also has a depletion region. The defect model of the depletion
region in the EP-SPAD device is shown in Fig. 5(a). The heights
of the defects are h_1, h_2, and h_3, respectively. The diameters
of the defects ared_1,d_2, and d_3, respectively. The equivalent
circuit model of RTS noise is shown in Fig. 5(b). The V_R is the
reverse bias voltage. This voltage is provided by a Direct Cur-
rent (DC) regulated power supply. The V_BR is the avalanche
breakdown voltage of the EP-SPAD device. The I_RTS is the
current of RTS noise. The C_1 is the equivalent capacitance
of the device. R_1, R_2 and R_3 are the equivalent resistances
of the defects in the three depletion regions, respectively. They
mainly depend on the height and diameter of the defects in the
depletion region. Switch S_1 is used to simulate RTS noise.
When S_1 = 0, switch S_1 is closed and RTS noise is generated
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Fig. 5. (a) Defects in the depletion region of the EP-SPAD device. (b) Equiv-
alent circuit model of RTS noise.
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Fig. 6. The traditional equivalent circuit model of SPAD devices.

in the circuit. The current of RTS noise is I _ RTS. This means
that the EP-SPAD device generates avalanche current. When
S_1 =1, switch S_1 is open and there is no RTS noise in the
circuit. This means that the EP-SPAD device does not generate
avalanche current.

The equivalent circuit model shown in Fig. 6 does not include
RTS noise. In this paper, this model is named as the traditional
equivalent circuit model [14]. The I_SELF is the self-sustaining
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current, which is used to simulate the avalanche current of the
device. When the reverse bias voltage is less than the threshold
voltage of the switch S_2, the switch S_2 is closed and the
switch S_TRIG is open. At the same time, I_SELF is opened
and the model has no current output. The input signal “Photon”
is used to simulate photons, and the excitation source is a
short positive pulse. When the reverse bias is greater than the
threshold voltage of switch S_2, switch S_2 is open. If the input
signal * Photon ’ is greater than the threshold voltage of the
switch S_TRIG, the switch S_TRIG is closed. The current in-
creases sharply, thus exceeding the threshold current of I_SELF.
At this time, the output current of I_SELF is self-sustaining.
Avalanche current is quenched only when the current of I_SELF
is less than its threshold current. This requires a quench cir-
cuit. However, when the device is biased near its breakdown
voltage, the avalanche current is not self-sustaining, it is self-
quenching. Unfortunately, this behavior is not included in this
model.

In this paper, an equivalent circuit model with RTS noise is
implemented based on the equivalent circuit models shown in
Figs. 5 and 6. This model is shown in Fig. 7. The model is built
using basic components in Cadence. Therefore, it has strong
application universality and is suitable for various simulation
environments. This is very important for designers. When the
reverse bias voltage is less than V_BR1, the device works in the
linear region, and the switch S_3 is closed. The current in the
linear region is very small. Therefore, the equivalent resistance
R_6in the linear region is very large. When the device is biased
near its breakdown voltage, the switch S_5 is open and the
switch S_4 is closed. The input signal “R” is used to simulate
RTS noise and the excitation source is a short positive pulse.
When the input signal “R” is greater than the threshold voltage
of the switch S_6, the switch S_6 is closed, and the device
generates an avalanche current. When the input signal “R” is
less than the threshold voltage of the switch S_6, the switch S_6
is open and the avalanche current of the device self-quenches.
The avalanche current is controlled by the input signal “R”,
which switches between the “ON” state and the “OFF” state.
The equivalent resistances R_8 and R_9 of the SPAD device are

mainly composed of the resistance of the space charge and the
resistance of the neutral region.

When the reverse bias voltage is greater than V_BR2, the
switches S_4, S_5,S_7 and S_8 are closed, and the switch S_6
is open. Resistor R_7 is used to prevent the input signal “R”
from being directly grounded. When the reverse bias voltage
increases, the avalanche current increases sharply. This is the
steep phase in the IV curve. At this time, the avalanche current
of the SPAD device is large and it will not self-quench. When
the reverse bias voltage is greater than V_BR3, the switches S_8
and S_10 are open and the switch S_9 is closed. The avalanche
current of the device tends to saturate. In this model, the constant
current source I_1 is used to simulate the saturation current of
the device. When the reverse bias voltage is less than V_BR3,
switch S_9is opened. Atthis time, if there is noresistor R_10and
switch S_10, the constant current source I_1 has no discharge
path. This may cause the simulator to not converge. Therefore,
when the reverse bias voltage is less than V_BR3, resistor R_10
and switch S_10 are used to provide a discharge path for I_1.
It has no effect on the model. The values of resistor R_7 and
resistor R_10 are not very important for this equivalent circuit
model. In this paper, the resistance R_7 and resistance R_10
are set to 10 k€2, and the simulation results and convergence
of the model are satisfactory. C_2 is the equivalent capacitance
of the device. It is worth noting that the threshold voltages of
switches S_8 and S_10 are negative. This means that switches
S_8 and S_10 are closed when the forward voltage is less than
the threshold voltage.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The test platform of RTS noise is shown in Fig. 8(a)—(c). The
output voltage of the DC regulated power supply is 0 V to 30 V.
The cathode of the device is connected with high voltage, and
the anode is connected with sampling resistance R_11 (50 €2).
The sampling resistance R_11 is much smaller than the quench-
ing resistance in Geiger mode (about 50 k(). The avalanche
current of the device is converted into a voltage signal by the
sampling resistor R_11. However, the voltage signal is very



YANG et al.: MODELING WITH RTS NOISE CHARACTERIZATION OF NOVEL EMBEDDED PHOTOGATE SINGLE-PHOTON AVALANCHE DIODE

Vv DCI
—~\ 0V-30V
N
V_DC2
8V
EP-SPAD
R_G=50K Q ZX
) ) 11
_|_
RIGOL
5204 LNA

(©)

(a) Test circuit for RTS noise. (b) The schematic diagram of the low noise amplifier circuit. (c) The test platform of the RTS noise.

Fig. 8.

small. Therefore, the voltage signal is amplified by a low noise
amplifier (LNA) circuit. The LNA circuit is designed based on
an instrumentation amplifier chip (AD620). The power supply
voltage of AD620 is set to = 8 V. The ICL7660 converts +-8 V to
—8 V. The resistor R_G is used to adjust the gain of the circuit.
The resistor R_B is used to adjust the DC voltage of the circuit.
Resistors R_12 and R_13 are input protection resistors for the
ADG620. Resistor R_14 is the output protection resistor for the
ADG620. They are set to 10 k2. The output V_OUT is connected
to a high performance oscilloscope. Real-time acquisition of
RTS noise at different reverse bias voltages. The collection time
is 2 s. The test environment is dark.

Before testing RTS noise, we must know the avalanche break-
down voltage of the device. The IV characteristics of EP-SPAD
devices were tested based on the B1505A system. The test results
show that the avalanche breakdown voltage of the EP-SPAD
device is 12.05 V. Therefore, in Fig. 8(a), the output voltage
of V_DClI is first set to 12.05 V. Then, the output voltage of
V_DCl is slowly increased, and the data in the oscilloscope is
saved in real time. When the reverse bias voltage is less than
12.15 V, no RTS noise is observed in the EP-SPAD device.
When the reverse bias voltage increases, the electric field in
avalanche multiplication region increases sharply. This means

R_11=50@ V_INR 13
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that the avalanche probability of the device is increased. In
addition, the avalanche current of the device also increases.
When the reverse bias voltage of the device is 12.18V, the
avalanche current of the EP-SPAD device is self-sustaining. The
RTS noises under different reverse bias voltages are shown in
Fig. 9(a)—(e), respectively. It can be seen from Fig. 9(b) and (c)
that the avalanche probability of the EP-SPAD device is ran-
dom. The avalanche current of the device is not self-sustaining.
It is self-quenching. Therefore, the avalanche current always
switches randomly between the “ON” state and the “OFF” state.
This shows the behavior of RTS noise. As defined in [16], [17],
[18], RTS noise is quantified by three parameters:

1) I_RTS, the current of RTS noise. It is the avalanche current

of EP-SPAD device in the avalanche transition phase.

2) T_ON, which is the time the RTS noise is in the “ON”

state.

3) T_OFF, which is the time the RTS noise is in the “OFF”

state.

In this paper, the amplitude of the avalanche current is statisti-
cally analyzed based on the MATLAB platform. The statistical
histograms of avalanche currents under different reverse bias
voltages are shown in Fig. 10(a)—(e), respectively. There are
two peaks in the L region of Fig. 10(c), the M region of 10(d),
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Fig. 10.  (a) Current statistics at 12.15 V. (b) Current statistics at 12.16 V. (c)
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and the N region of 10(e), which are mainly caused by random
noise in the test circuit. For example, in Fig. 10(d), there are
two peaks in region M. Random noise in the test circuit causes
the avalanche current to not be a constant value. The avalanche
current varies from 3.15x 107> A to 3.75x 1077 A, as shown in
Fig. 9(d). Therefore, there are two peaks in region M. In theory,
there is only one peak in region M. However, this has less impact
on the test results. Because the average value of the avalanche
current is finally obtained by Gaussian fitting.

The relationship between the current average value and the
reverse bias voltage is shown in Fig. 11. The current of the
EP-SPAD device is 0.144 pA at 12.15 V. As the reverse bias
voltage increases, the probability of impact ionization of carriers
increases, resulting in an increase in the number of carriers.
Therefore, the avalanche current reaches 45.4 pA at 12.19 V.
The equivalent resistance R_8 in the model can be calculated
from (1).

R s AV 1219V —12.15V
— AT 45.4pA —0.1445 uA

= 8840 (1)

When the equivalent resistance R_8 is set to 850 €2, the model
has higher accuracy. The simulation results of the RTS noise
current are shown in Fig. 11.

In Fig. 10, the current threshold I_H is set to calculate the
T_ON and T_OFF of the RTS noise. For example, when the
reverse bias voltage is 12.17 V, the current threshold I_H is
set to 15.2 A, When the current is less than 15.2 p A, the
avalanche current is considered to be off. When the current is
greater than 15.2 pA, the avalanche current is considered to be
on. The dependence of T_ON and T_OFF on reverse bias voltage
is shown in Fig. 12. The electric field strength increases with
the reverse bias voltage. Dark carriers in the depletion region
are more likely to trigger avalanche currents. This means that
the avalanche current is more likely to stay in the “ON” state
rather than the “OFF” state. Therefore, as the reverse bias voltage
increases, T_ON increases and T_OFF decreases. As defined in
[16], [17], [18], the duty cycle of the RTS noise can be calculated
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Fig. 12.  Dependence of T_ON, E(D) and T_OFF on reverse bias voltage.
from (2).
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The duty cycle of RTS noise is shown in Fig. 12. The duty
cycle E(D) of RTS noise increases with the increase of reverse
bias voltage. When the reverse bias voltage is 12.18 V, the T_ON
is 2 s and the duty cycle is 100%. The avalanche current of
the EP-SPAD device is 36.5 /A, At this time, the avalanche
current of the EP-SPAD device is self-sustaining. The EP-SPAD
device enters stable Geiger mode. It is well known that in the
field of weak light detection, it is very important for SPAD
devices to work in stable Geiger mode. However, the threshold
voltage of the Geiger mode is not precisely defined in many
works. In this paper, the threshold voltage of the EP-SPAD
device operating in Geiger mode is 12.18V. If the reverse bias
voltage is less than 12.18 V, the avalanche current of the de-
vice is unstable, which can cause false counts in the signal
processing circuit. In this paper, the parameters of the input
signal “R” are set based on the actual waveform of the RTS
noise. It is very easy to realize by the relevant timing generation
circuit. The simulated waveform of RTS noise is shown in
Fig. 13.

The IV curve of the EP-SPAD device is shown in Fig. 14. It
is tested based on the B1505A system. The cathode voltage of
the EP-SPAD device is set to increase from O V to 15 V and the
anode voltage is set to 0 V. The test environment is dark. The
avalanche breakdown voltage of the EP-SPAD device is 12.05
V.If2V <V_R <12.05V, the EP-SPAD device operates in the
linear region. The current in the linear region of the EP-SPAD
device is 10711 A. The equivalent resistance R_6 in the linear
region can be calculated from (3).

A 12. -2
R 6 — Vv 05V -2V

2V = 156G
- AT 6.5x 10711 A—54x107134

3

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 5, OCTOBER 2022

2.1x10° 1 - : -
L — Simulated

1.8x10° —— Measured
1.5x10°
< 12107
k=1
E 9.0x10°
=}
“ 6ox10°
3.0x10°
0.0
0 1 2 3 4 5
Time(ms)
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Fig. 14. IV characteristics of the EP-SPAD device.

When the reverse bias voltage is greater than 12.15 V, RTS
noise begins to appear in the EP-SPAD device. When the re-
verse bias voltage is 12.19 V, the RTS noise has completely
disappeared, and the avalanche current of the EP-SPAD device
is 45.4 A. When the reverse bias voltage is greater than 12.22
V, the avalanche current of the EP-SPAD device tends to be
saturated. The saturation current of the EP-SPAD device is 1
mA. Therefore, the current gain of the EP-SPAD device is 108.
The equivalent resistance R_9 can be calculated from (4).

AV 1222V —12.19V
R 9 =

= T AT T 1000 pA — 45.4 pA

= 31430 @)

The equivalent resistance R_9 is set to 30.6 €2, the model has
high accuracy.

The simulated IV curve is shown in Fig. 15, which is consis-
tent with the test results. In conclusion, this equivalent circuit
model can accurately characterize the IV characteristics of the
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Fig. 15. IV characteristics of the equivalent circuit model.

TABLE I
PARAMETERS OF COMPONENTS IN THE EQUIVALENT CIRCUIT MODEL

Components Value
R 6 156 GQ

R 7 10 kQ

R 8 850 Q

R 9 30.6 Q

R 10 10 kQ
VBR 1 12.149 V
VBR 2 12.189 V
VBR 3 1222V

I1 1 mA

EP-SPAD device, and it contains RTS noise. The RTS noise is in-
cluded in the equivalent circuit model of the SPAD device, which
makes the model more complete and accurate. The equivalent
capacitance of the device is not analyzed and modeled in this
paper. For example, the equivalent capacitance C_2 between
the cathode and the anode, the equivalent capacitance C_CS
between the cathode and the substrate, and the equivalent capac-
itance C_AS between the anode and the substrate. Therefore, it
cannot simulate the timing behavior of SPAD devices at present.
In order to simulate the timing behavior, the equivalent capaci-
tance in the SPAD device needs to be analyzed and modeled. In
Fig. 7, the parameters of the equivalent circuit model are shown
in Table I.

V. CONCLUSION

In this paper, the RTS noise of EP-SPAD device is tested and
analyzed, and the equivalent circuit model with RTS noise is
realized based on Cadence. It is fully compatible with other
commercial circuit simulators. The model includes the self-
sustaining and self-quenching behavior of avalanche currents
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in SPAD devices, and its convergence is satisfactory. To the best
of our knowledge, this is the first time that RTS noise has been
included in the equivalent circuit model. The model is validated
in a novel embedded photogate SPAD device, and the process
of extracting model parameters based on test data is shown.
The dependence of the RTS noise on the reverse bias voltage in
the simulation is consistent with the test. The maximum error
between the simulation current and the test current is about
5.74uA. The threshold voltage of the EP-SPAD device operating
in Geiger mode is given based on the RTS noise characteristics.
When the reverse bias voltage of the device is increased from
0 V to 15 V, the model can accurately characterize the IV
characteristics of the EP-SPAD device, and the simulation results
are satisfactory.
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