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Abstract: This work presents a dual-junction, single-photon avalanche diode (SPAD) with
electrical p-lens designed and simulated in 90 nm standard complementary metal oxide
semiconductor (CMOS) technology. The evaluated structure can collect the photons
impinging beneath the pixel guard ring, as well as the pixel active area. The fill factor of the
SPAD increases from 12.5% to 42% in comparison with similar works on the same
technology, according to new charge collections. Although the designed SPAD suffers from
high dark count rate (DCR of 300kHz at 0.17V excess bias at room temperature) due to
high amount of tunneling which was predicted in previous similar works, it still can be used
in different applications such as random number generators and charged particle positioning

pixels.
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1 Introduction

INGLE photon avalanche diode (SPAD) is a

semiconductor p-n junction based, solid-state single
photon detector, biased above the breakdown voltage
(Geiger mode) to generate an avalanche by photon
absorption. In the Geiger mode of operation, the
electric field strength in the depletion region should be
above 3x10° V/cm in Silicon [1]. Therefore, a photo-
generated carrier leads to a self-sustaining impact
ionization and causes an electric current pulse in the
output electrode of the diode. Hence, each pulse at the
output electrode represents single photon detection.
SPAD is widely used in range finding [2], fluorescence
correlation spectroscopy (FSC) [3], fluorescence
lifetime measurements [4], one [5] and two photon [6]
fluorescence lifetime imaging microscopy (FLIM), 3D
imaging [7], random number generation [8] and high
speed imaging [9] . The main advantages of using
SPADs are low power consumption, low bias voltage
and compatibility with standard integrated circuits [10].
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The higher semiconductor impurity doping profiles
which are used in deep submicron complementary metal
oxide semiconductor (CMOQS) technologies causes the
reduction of the depletion region width and results in a
decrease in the photon detection probability (PDP) [1].
The PDP is defined as the number of detected photons
to the total number of impinging photons on the SPAD
surface. On the other hand, considering thinner
depletion region, band to band tunneling (BTBT)
increases and leads to an increase in dark count
rate (DCR) [11]. DCR is defined as the number of
spurious detected pulses in the output without light
illumination on SPAD surface [1]. SPADs are
characterized by fill factor (FF), PDP and DCR. The fill
factor is the ratio of photo-sensitive area to the whole
pixel area [1].

While, optical p- lenses are used conventionally to
focus the light on the photo-sensitive active area of the
pixel [12], fabrication of optical p- lenses with low F-
number (ratio of lens focal length to aperture) needs
considerable technological efforts [13]. By expanding
the photo-sensitive active area of the image sensor
pixel, photons can be focused by the usage of high F-
number optical p-lens. This work presents the usage of
electrical p-lens as a replacement for low F-number
optical p-lens, where the pixel guard ring area is used
for the light collection in SPAD. Conventionally the
guard ring region is designed to engineer the electric
field and the photons which are absorbed there cannot
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cause avalanche. For the same reason SPAD FF is
reduced in comparison with the other image sensors.

The electrical p-lens is working based on lateral
avalanche propagation (LAP) [12]. In contrast to the
optical p-lens which focuses the photons, in electrical p-
lens the electrons are the subject to be focused. In the
SPAD presented in this work, the amount of electric
field beneath the guard ring is high enough for SPAD to
operate in Geiger mode, while the amount of electric
field is simultaneously lower than the amount of electric
field inside the active region. Hence an injected carrier
beneath the guard ring depletion region leads to impact
ionization and consequently, the electrons originated
from the avalanche are guided to the SPAD center by
LAP mechanism and can be collected at the output
electrode. Therefore, the photons impinging beneath the
guard ring can be counted deliberately. Furthermore,
high F-number optical p- lens itself can also be used to
focus the photons.

This work presents a SPAD with electrical p-lens
designed in 90nm standard CMOS technology. A
commercially available device simulator [14] is used to
verify the simulations with the experimental results
of [15].

Section 2 describes SPAD structure proposed in this
paper. Section 3 describes the simulation results.
Finally, the conclusions are given in Section 4.

2 SPAD Structure

A SPAD photosensitive region consists of two main
parts of active region and guard ring, which the latter is
used to prevent premature edge breakdown (PEB)
formation. Various types of guard ring for PEB
prevention in SPAD are used, such as: mesa
isolation [16] field-limiting ring [17], diffused guard
ring [18] and Shallow Trench Isolation (STI) [15]. STI
is introduced in submicron CMOS technologies for
crosstalk reduction, latch-up and punch-through
prevention [1]. In this work simulation setup is formed
based on the SPAD in [15], where the simulation was
performed according to characteristics of 180 nm
standard CMOS technology.

Fig. 1 shows the cross-section of SPAD presented
in [15] where the p./n-well interface is the photo-
sensitive active area and the STI is used as the guard
ring.

The SPAD PDP in [15] is compared with the
following analytical expression [15] in Fig. 2.

PDP = (1-R)£P, F[L—exp(—aw,)], @)

In (1), R is the light reflectivity (ignored in [15]), & is
the ratio of electron-hole pairs which does not
recombine at the surface (surface recombination can
drastically be reduced with using a surface passivation
layer [19] ), Pa is the probability that an electron-hole
pair lead to avalanche (which is simulated using model
of [20] ), F is the fill factor, a is the absorption
coefficient, and W, is the multiplication region width
(obtained from the device simulator simulations).

Fig. 3 shows the dual-junction SPAD cross-section
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proposed in this paper. The proposed SPAD is
composed of two separate junctions of n+/p-well and p-
well/deep n-well.

Upon the SPAD biasing above the both junction's
breakdown voltages, the electric field in the depletion
region of both junctions are engineered to be similarly
uniform as shown in Fig. 4. On the other hand, the
maximum electric fields in the depletion regions of both
junctions are higher than the critical electric field in
Silicon. Therefore, when a photon is absorbed beneath

p-substrate

Fig. 1 The p+/n-well SPAD cross-section presented in [15].
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Fig. 3 The dual-junction SPAD cross section proposed in this
paper.
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Fig. 4 Dimensional electric field profile of the dual-junction
SPAD in 0.17V excess bias.
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the guard ring, it can also cause impact ionization and
consequently causes avalanche while the carrier diffuses
to the active region with the lateral avalanche
propagation [21]. Hence, an avalanche pulse in the
output terminal is generated according to the absorbed
photon.

In conclusion, there is no need to focus photons
colliding at the guard ring area of SPAD by the means
of an optical p-lens.

To evaluate the performance of the proposed SPAD,
various parameters which are introduced in the previous
section are calculated using the simulation setup.

3 Simulation Results

Different physics based models including Shockley
Read Hall (SRH) recombination [22, 23], carrier
mobility, Auger recombination [24], impact ionization
and band to band tunneling [25] are considered in the
simulation setup. Tash’s model [26] is used for the
mobility modelling , since in the proposed SPAD the
electric field strength is relatively high, Klassen’s
model [27] is used for SRH modeling since a
concentration dependent model is needed. The impact
ionization phenomena, is modeled using Selberherr’s
model [28].

The 1-V characteristic of the proposed SPAD is shown
in Fig. 5. The breakdown voltage of the proposed SPAD
compared with [1] (10.4V implemented in 90 nm
CMOS technology) is relatively low since the current
SPAD uses n+/p-well active region, though [1] uses
n+/p-sub junction active region and the doping impurity
in the former case is higher. The proposed SPAD is
characterized in V. = 0.17V (0.17V above the
breakdown voltage). For avalanche probability
calculation of SPAD of [15], a similar approach to [20]
is maintained. In [29] the history dependent model for
avalanche probability calculation is used where the
history of carriers which cause impact ionization is
taken into account. In other words, in history dependent
model, the avalanche probability at each point x is not
only dependent on the electric field of the corresponding
point, but also dependent on the electric field strength of
the point at which carrier was created x', as well as
dependent on the electric field profile between x and x'.
In this model a(x'|x) and A(x'|x) are the history
dependent electron and hole ionization coefficients,
respectively. pe(X'|x) and pn(x'|x) are electron and hole
ionization probability density at x with electron and hole
generated at the x' [29].

P, (X" | X) = a(x'| x) exp(—ja(x' | x")dx")dx

v )
Pa (X' X) = B(X'| X) exp(—jﬂ(X’ | x")dx")dx
In local model the ionization coefficients are expressed
as (3) [29]:

a(E) = o, exp(-b, / E)

B(E) = B, exp(-b, / E) ®)
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Fig. 5 The I-V characteristic of the proposed dual-junction

SPAD in reverse bias.

Here be and by are constants given in [30] and anand
are ionization coefficients of hot carriers [30]. In the
history dependent model which is used in this paper,
effective electric field is applied instead of E (electric
field at point x), which depends on history of carriers.
For a constant field E the effective field is [29]:

) Ewert [ X=X
Eree X' |X)=E erf[ n j

(]

! (4)
Euen (X'| X) = Exerf ((X—X)J
A,
Here erf is the error function and:
ﬂve = de b
erf | — "
b, + E log(2)
‘ ©
h

A =
a b,
erf +| ———
(bh +E Iog(2)j

Here, d. and d;, are the dead spaces of electron and hole,
which are defined as the minimum distance that a
carrier should travel to gain sufficient energy to cause
an impact ionization [31]. Dead space for a carrier
generated at 0 < x < W can be calculated by [31]:

E.
d — ie
= 3E(0
- (6)
d, (x) = o
qE(x)

Here E; is the threshold energy for ionization [32] and E
is the electric field .where, q is the unit charge of an
electron.

Using (3) the ionization coefficients at position x for a
carrier generated at position x', (a(X'|x), A(X|x)) can be
calculated.

According to Fig. 6, if an electron is generated at
position x;, it cannot move to X,, due to electric field
repulsion. Hence, the probability of electron generated
at x, causing impact ionization at x; is negligible. Based
on the similar reason, the probability of a hole generated
at x3 causing impact ionization at x, is negligible, too. In
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conclusion, the ionization coefficients are modified as
follows:

a, exp(—b, / Ey . (X'| X)), X' <X

(Z(X’ | X) = {0’ eff e o (7)
BX'|X) = {ﬁh exp(-b, / Eeff,h X" x)), X"> X o
0 X' < x

Fig. 7 shows the avalanche probability in the depletion
region of both junctions, which is obtained using history
dependent model.

The n+/p-well junction’s depletion region and the p-
well/deep n-well junction’s depletion region are shown
in Fig. 3. The photons wavelength photons are absorbed
close to the surface and the large wavelength photons
are absorbed deep inside the bulk.

Equation (1) is used for PDP calculation of the new
structure [15]. P is the avalanche probability at position
y (Fig. 7). Moreover in order to calculate the fill factor
of proposed SPAD, pixel area is calculated using similar
peripheral circuit in [33] and considering 90nm
technology parameters. Since the active region area in
proposed SPAD is 7.06um? and the total area of pixel is
16.83um?, the fill factor of the proposed device is equal
to 42%. Since PDP of the two separate junctions do not
overlap in any depth, the PDP of proposed SPAD is the
summation of the PDP of two junctions, as shown in
Fig. 8.

PDP peak of first junction is 3% at 400nm wavelength
and the peak of second junction is 1.5% at 480nm
wavelength.

The proposed SPAD should also be characterized in
the DCR metric. It should be noted that, the main
sources of DCR are direct thermal generation, trap
assisted generation and trap assisted tunneling and band
to band tunneling generation [34].

The main drawback of the proposed SPAD is the high
DCR due to band to band tunneling. Since the doping
profiles of 90nm CMOS technology are highly
populated to decrease the parasitic resistances, the
depletion widths are squeezed which causes higher
probability of band to band tunneling. As shown in
Fig. 9 the distance of the bands at the first junction is
7nm (BB") and at the second junction is 10nm (CC").

The DCR due to band to band tunneling is calculated
according to (9) [33]:

DCRgrgr = SJGBTBT (Y)P(y)dy 9

0

Here S is the active region area of SPAD and Ggrer iS
the band to band tunneling generation rate (which is
obtained using the model proposed in [25]) P is the
avalanche probability (shown in Fig. 7) and w is the
depletion region width. Since, there are two separate
junctions the total DCR is summation of the DCR of
each of the two junctions.

In this case, band to band tunneling DCR is calculated
as 300kHz at the 0.17V excess bias. It should be noted
that high band to band tunneling originated DCR
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Fig. 6 A p-n junction depletion cross section and the direction
of electric field at the depletion region and three different
locations at the depletion region.
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Fig. 9 The band diagram of proposed SPAD along AA' at the
Fig. 3.
Table 1 Summary of SPAD main characteristics.
Characteristic Area DCR PDP
0.18um CMOS 2umx2pm 200 kHz 11% at 450 nm
[36, 37]
130nm CMOS [38]  8um (active area ~ 20Hz 20%-25% at
diameter) 440-570nm
130nm CMOS[39] 10um (active 100 kHz 34% at 450 nm

area diameter)
8um (diameter) 8.1kHz
2.9um(active 300kHz
area diameter)

90nm CMOS [1]
This work
(90nm CMOS)

16% at 420 nm
16% at 420 nm
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SPADs can still be utilized in some applications (such
as random number generator). Moreover the DCR can
be reduced by correlation evaluation between the two
junctions, similar to [35] which is demonstrated to be
useful in charged particle positioning applications. In
conclusion, the main characteristics of dual-junction
SPAD are compared with other similar SPADs in
Table 1.

4 Conclusion

Electrical p-lens is utilized in a STI guard ring based
SPAD designed in 90nm standard CMOS technology.
The guard ring area itself is used as a photo-sensitive
region to collect the impinging carriers generated by the
photons. The simulation results show the fill factor can
increase to 42% in the proposed SPAD due to carrier
collection benth guard ring, utilizing two separate
junctions. The PDP of 3% at wavelength between of
400nm is obtained at Ve = 0.17V. Although, the
300kHz DCR of band to band tunneling is present at the
Ve =0.17V.
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