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Abstract— Single-photon avalanche diodes can be employed to 

register the arrival of an individual photon. They are biased 

beyond breakdown voltage, and thus the electron-hole pairs 

generated by any incident photon is accelerated by the strong 

electric field triggering an avalanche current. In recent years, 

there have been attempts to model its characteristics in Verilog-A 

HDL. However, none of them have modelled its photon-detection 

timing jitter. This paper explains the mechanism of avalanche 

triggering and proposes a first approach to model it in Verilog-A. 

Comparison with experimental data and data reported in 

literature validates the model. 
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I.  INTRODUCTION 

Single-photon avalanche diodes (SPADs) are semiconductor 
devices with the ability of detecting the arrival of isolated 
photons. They have been initially developed as a cheaper, 
magnetic-field-compatible replacement for photomultiplier 
tubes. They offer higher photon detection efficiency, especially 
in the red and near infrared spectrum. SPADs can be employed 
either to sense low-intensity luminous signals, by photon 
counting, or to timestamp the arrival these photons, in order to 
estimate their time-of-flight (ToF). Nowadays they can be built 
in CMOS technology, what allows incorporating functionality 
and opens the door to many more applications. Apart from depth 
and proximity sensors, SPADs are finding suitable application 
scenarios in fluorescence life-time microscopy (FLIM) [1] and 
fluorescence correlation spectroscopy [2]. 

SPADs are avalanche diodes operated in Geiger mode, that 
is, they are reverse biased above its breakdown voltage. In these 
conditions, anything can trigger a self-sustained avalanche like, 
for instance, a photon absorbed or a carrier generation event in 
depletion region. Over the last years there has been an interest to 
develop an accurate model of this device. However, its electrical 
characteristics and noise behavior have proven to be difficult to 
emulate. The most prominent models in the literature for these 
devices have been written in Verilog-A HDL, as it is fully 
compatible with a wide range of circuit simulators, like Cadence 
Spectre or Synopsys HSPICE. These models have been refined 
over time. For example, the first model of a SPAD using 
Verilog-A introduced the voltage dependence of the junction 
capacitance [3]. This model, however, lacked some important 
statistical phenomenon, like dark count noise (DCR) and after-
pulsing probability (AP). Later on, DCR and AP were included 
[4][5]. However, band-to-band tunneling (BTBT), and the fact 

that AP has a strong dependence on the time since the previous 
avalanche event, was not considered in [3]. A more recent work, 
included trap-assisted tunneling and self-heating [7]. 

Despite all these advances, none of these models tried to 
include the SPAD photon-detection timing jitter. This is due to 
the architecture of the analytical model itself (Fig.1). It results in 
an almost instantaneous response time, as it depends on the time 
constants associated with the junctions and stray capacitances, 
which are in the order of femto-farads, and do not take into 
account the statistical behavior of the avalanche build up and the 
avalanche spreading dynamics throughout the active area. Also, 
the study of the photon-detection timing jitter of a SPAD 
requires the study of the device absorption coefficients, and the 
electric field profile on the device when it is operated in Geiger 
mode, which it is not easy to derive from the available 
information. 

In this work, a photon-detection timing-jitter model was 
incorporated into an existing Verilog-A SPAD model [6], based 
in TCAD simulation of carrier dispersion and junction electric 
field profile in the SPAD.  

II. SIMULATED DEVICE 

The basic device structure is that of the work in [6]. It consists 

in a 12μm-diameter active area diode with a guard ring of low-

doped p-well material, or T-Well, around the central p+/deep-

n-well breakdown region, to avoid edge-junction breakdown 

(Fig.2). This SPAD was found to have a homogeneous 

breakdown voltage of 10.35V throughout its active area at a 

temperature of 295K, with a maximum electric field of 0.729 

MV/cm. It reached experimentally 187 ps of timing jitter under 

an excess bias voltage of 0.9V. 

III. PHOTON-DETECTION TIMING-JITTER MECHANICS 

When a photon successfully strikes the active area region of 
SPAD, it can potentially create an electron-hole pair along its 
way inside the device. The probability of this photon to be 
detected by the SPAD is governed by the photon detection 
efficiency (PDE): 

 PDE = QE(𝜆) · FF · 𝑃𝑡𝑟 

being QE(𝜆) the quantum efficiency, which can be determined 
by TCAD simulations, FF the fill factor and 𝑃𝑡𝑟  the avalanche 
triggering probability.  



Once the electron-hole pair have been created within the 
device, both carriers will undergo diffusion accelerating 
according to the electric field profile present in the SPAD, until 
they trigger the first impact ionization, which may lead to an 
avalanche, or recombine. The time it takes for an electric charge 
carrier to diffuse and provoke that first ionization is called 
diffusion time. After the first impact ionization, subsequent 
impact ionization occurs due to the accelerated charge carriers 
created in the first impact. In this point, the avalanche ignition 
may still fail. The time it takes to the avalanche to finally 
stabilize is called build-up time. Finally, after the avalanche is 
stabilized, it spreads throughout the active area of the SPAD. 
The time it takes for the avalanche to spread and reach a 
minimum current threshold detectable by the circuitry is the 
spread time.  Altogether, they add to make the avalanche 
response time, whose statistical fluctuation is the photon-
detection timing jitter. 

A. Diffussion time 

Let us assume that this photon has been detected and have 

triggered an avalanche. Electron-hole pairs, able to originate an 

avalanche, can only be created in a determined zone of the 

SPAD as shown in Fig. 3. Here the module and direction of the 

electric field can be seen within a portion of active area region 

of the SPAD. Approximately 1-micrometer-deep, the vertical 

component of the electric field changes direction and carrier 

generated below that point are unable to reach the depletion 

region and trigger an avalanche, establishing in fact a sensing 

limit. On the other hand, any carrier created in any of the neutral 

regions may diffuse to the depletion region (electrons for the 

shallow region and holes for the deep region), accelerate until 

they reach the saturated drift velocity and trigger impact 

ionization which would result in an avalanche current. The time 

it takes for these carrier to reach the depletion zone and trigger 

the first impact ionization, that may or may not trigger an 

avalanche, is called the diffusion time. Notice that even carriers 

created in the depletion region, where electric field is 

maximum, have to diffuse and gain momentum to impact-

ionize for the first time. Spinelli states that the minimum time 

for a carrier to gain this needed momentum is around 10 ps [8]. 

The first step to calculate this diffusion time is to make an 
estimation of the depth at which the photon has been absorbed. 
As we have assumed that the avalanche has taken place, the 
photon had to be absorbed no further than one-micrometer-deep 
in this case. To make a statistical law that generates a random 
depth to be absorbed, we define the current generated for 
incident photons of a given wavelength as [9]: 

 𝐺 =  𝜂0
𝑃𝜆

ℎ𝑐
𝛼𝑒−𝛼𝑦 

 𝛼 =  
4𝜋

𝜆
𝑘 

being 𝛼 the absorption coefficient, 𝑃 is the ray intensity factor, 
which contains the cumulative effects of reflections, 
transmissions, and loss due to absorption over the ray path, 𝜂0  
is the internal quantum efficiency, which represents the number 
of carrier pairs generated per photon observed, 𝑦 the depth of 
absorption, and k is the imaginary part of the optical index of 
refraction or extinction coefficient. 

The main problem here is that the extinction coefficient, and 
therefore the absorption coefficient, is dependent on temperature 
and, more importantly, on the doping concentration. The 
extinction coefficient in low-doped silicon is well known and 
offer no significant variations when the doping concentration is 
less than 1017cm−3. In this range the coefficient follows a quasi-

Fig. 1.  SPAD analytical model proposed in [6]. 

 

Fig. 2. SPAD structure simulated with TCAD tools. The left border acts as an 

axis of revolution [6]. 

Fig. 3. Electric field profile in the SPAD active area region. 



exponential law in the optical spectrum [10]. However, our 
model contains regions where the doping concentration is far 
greater and therefore it has to be taken into account. Through 
TCAD simulation we have determined that the absorption 
coefficient in the active area region of our device can be adjusted 
to the following power law: 

 𝛼(𝜆) = 8.254 × 10−26 ·  𝜆−6.84 [cm−1]  

where 𝜆 is the wavelength. As we can see, Eq. (2) follows an 
exponential law. However, Verilog-A is not very versatile in 
handling the exponential distribution function. This was solved 
by drawing on a uniform distribution to easily generate an 
exponential distribution: 

 𝑃(𝜆) =  
− ln(1−𝑎·𝑈)

𝛼(𝜆)
 

 𝑎 =  1 − 𝑒−𝛼(𝜆)·𝑑 

where 𝑈 is the uniform distribution, 𝑎 is a normalization value 

that establish the maximum probability of the uniform 

distribution, due to the fact that the photon absorption range 

does not cover all the space as we assumed that in was indeed 

absorbed in the 0-1µm range and therefore the probability must 

be limited, and 𝑑 is the absorption width of the sensitive area in 

centimeters, in this case 10−4 cm. The inclusion of this last 

parameter makes the result of Eq. (5) directly the statistical 

fluctuation of the photon absorption depth.  

Once the depth at which the electron-hole pair was created 

has been determined, the time needed for the charge carrier to 

diffuse to the depletion zone needs to be estimated as well. This 

can be done by extracting the carrier velocity profile from the 

TCAD model, and then integrating these velocity curves to 

arrive at the following expressions for the diffusion time for 

electrons in the shallow region and holes in the deep region, 

respectively: 

 𝑡𝑑𝑛 =
𝑒−𝑣𝑛2·𝑌−𝑒−𝑣𝑛2·𝑦0

𝑣𝑛1·𝑣𝑛2
  

 𝑡𝑑𝑝 =
ln|𝑣𝑝1∗𝑌+𝑣𝑝2|−𝑙𝑛|𝑣𝑝2|

𝑣𝑝1
 

being 𝑌 the absorption depth, 𝑦0 the shallow limit depth of the 

depletion region and 𝑣𝑛1, 𝑣𝑛2, 𝑣𝑝1 and 𝑣𝑝2, velocity parameters 

that depends linearly on the excess bias voltage. Fig. 4 shows 

the electron velocity profile against depth for SPAD active area 

region, which is similar for holes. 

B. Build-up time 

Since it is known that there is noise associated with the 
avalanche multiplication process [8] [11], a contribution to the 
timing jitter is expected to arise from this source. The current 
resulting from the first carrier, which is of 2 · 10−8 A, by the 
ongoing multiplication process is irregular and it is not stabilized 
until it reaches 10−6A, so the timing jitter of this contribution 
cannot be reduced by lowering the discriminator threshold, 
which is as low as 10−4A in the literature. The time that takes 

the current to reach that level has a normal distribution and 
depends on the excess bias voltage and the electric field profile. 
As earlier works [8] [11], failed to match, experimental results 
of the build-up time at low excess bias voltages, we decided to 
define a piecewise relation with a power and a linear equation 
that fits Ingiargola’s measurements [11], and is consistent with 
Spinelli’s work [8]: 

 𝑡𝑏,𝐹𝑊𝐻𝑀 = {
𝐵1(ℰ) · 𝑉𝑒

𝐵2(ℰ)
, 𝑉𝑒 < 𝑉(ℰ)

𝐵3(ℰ) · 𝑉𝑒 + 𝐵4(ℰ), 𝑉𝑒 ≥ 𝑉(ℰ)
 

being ℰ the primary junction maximum electric field, 𝑉𝑒 the 
excess bias voltage, 𝐵𝑥 parameters that depend linearly on the 
electric field and 𝑉(ℰ) a potential value that represents the 
intersection point between the power and linear fitting, which 
has a quadratic dependence with the electric field.  

Our results show that the primary electric field contribution 
dominates over the excess bias contribution to the build-up time. 
These results may lead to important decisions according to the 
device application, as engineering the primary junction to avoid 
an excessive high electric field junction and the subsequent noise 
due to band-to-band tunneling may lead to higher jitter due to 
the build-up time contribution. 

C. Spread time 

Once the avalanche is stable, it starts to spread laterally through 
the active area region. The model of the spreading velocity of 
the avalanche front for our SPAD is similar to that of [8], and is 
given by [12]: 

 𝑣𝑝(𝑟) = {
𝑣𝑝0         , 𝑟 < 𝑟0

𝑣𝑝0 𝑟
−𝑘1 , 𝑟 ≥ 𝑟0

  

 𝑣𝑝0 = 2√
𝐷·𝑉𝐸

𝛽
 

where 𝐷 is the diffusion coefficient of the charge carriers, 𝑟 is 
the avalanche front radius in micrometers, 𝑟0  ≈ 1μm four our 

Fig. 4. Electron drift velocity (in red) vs Depth 



devices,  𝑉𝑒 is the excess bias, 𝛽 is a constant that in our devices 
is 5.71 × 10−12 ps V, and 𝑘1 = 0.359  is a constant that is 
related to spread of free carriers from the circular form of the 
avalanche spreading front.  

Knowing the speed of the spreading of the avalanche front, 
allows us to calculate the percentage of the active area region of 
the SPAD that is undergoing avalanche at any given time, and 
thus the percentage of the avalanche maximum current.  

IV. SIMULATION AND EXPERIMENTAL VALIDATION 

The starting point is the Verilog-A model of the SPAD based in 
TCAD simulations presented in [7]. A new version has been 
built to include all the previous considerations related to the 
timing jitter. Verilog-A simulations have been carried out using 
Cadence Spectre. The SPAD model was operated under a 100-
kΩ passive quenching resistor. 

 During our research we found that the timing jitter of a 
SPAD was indeed heavily influenced by the threshold current of 
the quenching circuit as addressed by other works in literature 
[11][13]. If that threshold is low enough (below 2.5mA), then 
the timing jitter will be dominated by the build-up time, as the 
spread time would be negligible. Otherwise, the timing jitter is 
dominated by the latter. We have tried to find how our device 
behaves, supposed a minimum threshold current is imposed by 
the quenching circuitry. To do that we have limited the spreading 
area of the avalanche when the current has reached that 
threshold. Fig. 5 shows the timing jitter for various excess-
voltages versus the anode voltage, 𝑉𝐴, that acts as an indicator of 
the threshold whichever the resistance on that terminal. The 
higher the threshold the higher the contribution of the spread 
time to the timing jitter. Also, a higher excess voltage improves 
the avalanche response, as both build-up and spreading develop 
faster. The results showed that under an excess bias of 0.9V, the 
187ps of timing jitter obtained experimentally were also 
obtained for an anode voltage of 313mV corresponding to a 
threshold current of 6.26mA with the avalanche covering the 
52.5% of the SPAD active area. Interestingly, this implies that 
any avalanche whose maximum current, when it has expanded 
to the entire active area, is less than that of the threshold current 
of 6.26mA, will not be detected. As the maximum avalanche 
current is dependent on the excess bias, we can obtain a lower 
limit to the excess bias we have to apply to the detector so that 
it can detect an avalanche, being 470mV in this case. Indeed, if 
we take a look to the experimental photon detection efficiency 
(PDE) results in [6], it plummets close to 0.5V excess bias, as 
the circuitry becomes unable to detect avalanches in the SPAD, 
which confirms the validity of our model. Fig. 5 also shows how 
the model behaves when an excess bias and electric field are 
forced to match under the same conditions Ingiargola's 
measurements [11]. In Fig. 6 an example of the timing jitter 
simulation can be seen. In this case the threshold current is 
0.1mA with a FWHM of 48 ps. 

 These results are compatible with other SPADs in literature. 
In [14], some devices of 8μm diameter are presented, all of them 
having greater timing jitters than the previous under and excess 
bias of 1.2V. The difference resides in the engineered primary 
junction of these SPADs which presents a lower electric field 
(~0.6MV/cm) than the one employed above (0.729MV/cm).  

V. CONCLUSION 

The different mechanisms that contribute to the photon-
detection timing jitter have been explained. Results have been 
described as a consequence of including these mechanisms in a 
Verilog-A model. This model has proven to be an accurate tool 
to explain the possible reasons behind the timing jitter 
magnitude of some devices. It can also be employed to improve 
the circuits by lessening some of the contributions to photon-
detection timing jitter. For example, [13] suggested a method to 
detect the avalanche current long before it spreads throughout 
the SPAD, making the spread time contribution negligible. Also, 
the model can indicate if a system is suited for certain 
applications that need a low timing jitter. 
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Fig. 5. Timing Jitter vs Anode Voltage for several excess bias voltages. 

Fig. 6. Example of timing jitter results for a 20 ms run simulation, under 0.9V 

of excess bias when the SPAD is illuminated with pulses of 80 ps long, with a 
447 nm wavelength beam with a frequency of 2.5 MHz. 
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