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Tunneling is studied in two main single-photon avalanche diode (SPAD) topologies, which are n-tub guard
ring (NTGR) and p-tub guard ring (PTGR). Device simulation, I − V measurements, and dark count
calculations and measurements demonstrate that tunneling is the main source of noise in NTGR, but it
is less dominant in PTGR SPADs. All structures are characterized with respect to dark noise, photon
detection probability, timing jitter, afterpulsing probability, and breakdown voltage. Noise performance
is disturbed because of tunneling, whereas jitter performance is disturbed because of the short diffusion
time of photo-generated minority carriers in NTGR SPADs. The maximum photon detection probability
is enhanced because of an improvement in absorption thickness.
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Single-photon avalanche diodes (SPADs) are photodiodes
that are biased above the breakdown voltage in Geiger
mode. SPAD noise is represented in terms of mean dark
count rate (DCR) and originates from thermal genera-
tion, band-to-band tunneling (BTBT), and trap-assisted
tunneling[1].

A high DCR is reported in SPADs implemented in 90-
nm standard complementary metal-oxide-semiconductor
(CMOS) technology[2]. N -tub guard ring (NTGR) is
employed in this device; however, previous SPADs in-
corporated into 0.8-, 0.35-, 0.18-, and 0.13-µm CMOS
technologies[3−6] are p-tub guard ring based (PTGR
based). Noise that originates from tunneling in NTGR
SPADs is compared with that in PTGR SPADs. De-
vice simulation and characterization measurements sug-
gest that intrinsic high tunneling in NTGR SPADs origi-
nates from inappropriately high doping levels in the mul-
tiplication region. The tunneling effect in several types
of SPAD devices is characterized and measured. Some
research groups have applied special layers in other tech-
nologies to reduce tunneling current[7].

The use of NTGR to prevent premature edge break-
down has been proposed in the first planar SPADs[8].
NTGR has been combined with double-epitaxial tech-
nologies to boost SPAD performance in Ref. [9].

Figure 1 shows the cross-sections of PTGR and NTGR
SPADs. Photon absorption generates an electron-hole
pair in the depletion region. Free carriers trigger an
avalanche as a result of impact ionization. The avalanche
current is quenched with the use of active and passive
methods to prevent destruction of the device. Similar
methods are used to induce device recharge, i.e., revert-
ing the device to its idle state to detect the next imping-
ing photon. The NTGR SPAD discussed in this letter
is shown in Fig. 2. It was selected from among sev-
eral structures implemented in 0.35-µm standard CMOS
technology.

The characteristics of NTGR SPAD device are inter-
esting because electrons are the minority carriers in the
multiplication region. Electrons have a high impact-

ionization probability, which potentially enhances SPAD
sensitivity under certain conditions.

Figure 3 depicts the I − V characteristic in NTGR
SPADs. The breakdown current in the SPAD introduced
in this letter measures several hundred nanoamperes,
which is much higher than those in previous SPADs (5,
3, and 7 nA for 2, 3, and 6, respectively).The increased
breakdown current can be attributed to either enhanced
thermal generation in the depletion region or the high
tunneling current in the junction. The reverse current at-
tributed to thermal generation can be calculated with[10]

IR−G = −qAni

2τ0
W, (1)

where q is the electron charge, A is the pn junction sur-
face, ni is the intrinsic carrier concentration, W is the

Fig. 1. (Color online) Cross-section of (a) PTGR SPAD and
(b) NTGR SPAD.

Fig. 2. (Color online) Photomicrograph of NTGR SPAD im-
plemented in 0.35-µm technology.
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depletion width, and τ0 is computed by[10]

τ0 =
1

2

(

τp
n1

ni
+ τn

p1

ni

)

, (2)

where τp is the lifespan of the hole in the n side of the
junction with a donor density of n1, and τn is the lifes-
pan of the electron at the p side of the junction with an
acceptor density of p1.

Equation (1) results in a thermal generation current
that is several orders of magnitude lower than the mea-
sured reverse current. Therefore, reverse currents may
have mainly originated from tunneling. The tunneling
generation rate can be calculated with Kane’s model:
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)

, (3)

where n is the number of electrons per s·cm3 that leaks
from the valence band to the conduction band, mr is the
reduced mass as a consequence of the combination of
electrons and holes, h is the reduced Planck’s constant,
Eg is the material bandgap, and F is the electric-field

magnitude[11]. Substitution of these parameters can
generate 3.3×1011 electron-hole pairs/(s·cm3) in NTGR
SPADs and 1.4 × 109 pairs/(s·cm3) in PTGR SPADs.

Figure 4 exhibits the contours of tunneling generation
in NTGR and PTGR SPADs calculated with TCAD R©
device simulator. The simulation results show the pres-
ence of significant BTBT in NTGR SPADs compared
with PTGR SPADs. The electron-hole pair generation
rates reach 6.1×1011 pairs/s(·cm3) in the long interface
between the n+ and p substrates in NTGR SPADs. A

Fig. 3. Reverse bias SPAD behavior.

Fig. 4. (Color online) Tunneling contours in (a) NTGR and
(b) PTGR SPADs.

generation rate of 1×1010 pairs/(s·cm3) is reached in the
PTGR SPAD simulation but only at the edges of the in-
terface between p+ and the guard ring.

Tunneling DCR can be calculated with

DCRtunneling = DCRBTBTtunneling + DCRtrapassissted,
(4)

where the values of trap-assisted tunneling and BTBT
are derived from

DCRtrapassisted = S ·
Zw
∫

Z0

Pp(z)Gtrapassissted(z)dz, (5)

DCRBTBTtunneling = S ·
Zw
∫

Z0

[GBTBTtunneling(z) · Pp(z)]dz,

(6)
where S is the surface between the n and p regions, Z0

and Zw are the start and end points of the depletion re-
gion, respectively, Pp(z) is the probability of avalanche
initiation by an electron-hole pair at a given depth z,
GBTBTtunneling(z) is the BTBT generation rate, and

Gtrapassissted(z) is the trap-assisted generation rate[12].
Trap-assisted tunneling is calculated by equation sets
presented in Ref. [12] in this study. The direct BTBT
generation rate is calculated by

Gtunneling(z) = B. |ξ(z)|5/2 · D · exp

[ −ξ0

|ξ(z)|

]

, (7)

where the B factor is 4×1014 cm−0.5V−2.5s−1, ξ0 is
1.9×107 Vcm−1, and D is unity, with the exception of the
depletion-region edges (where it is 0, and ξ(z) is below
the electric field[13]). BTBT is calculated only for NTGR
SPADs because BTBT generation occurred only at the
edges of the guard ring in the PTGR SPADs. Figure 5
shows the electric field distribution in the NTGR struc-
tures as applied in Eq. (7) as ζ(z). The following coupled
equation must be solved to obtain Pp(z)[13]:

{

dPe

dx = (1 − pe)αe[Pe + Ph − PePh]

dPh

dx = −(1 − ph)αh[Pe + Ph − PePh]
, (8)

where Pe and Ph are the probabilities of avalanche ini-
tiation by an electron and a hole, respectively, and αe

and αh are the electron and hole ionization coefficients.
The probability of avalanche initiation by an electron-
hole pair is calculated from Pe and Ph with the use of

Pp(z) = Pe(z) + [1 − Pe(z)] · Ph(z). (9)

Figure 6 shows Pe, Ph, and Pp with 1.4 V of excess bias
voltage at different locations in the z direction, as calcu-
lated with Eqs. (7) and (8).

Figure 7 depicts the tunneling count rate calculated by
Eqs. (4)-(7) for the NTGR structures in different excess
bias voltages. Figure 8 displays the DCR measurements
of the SPADs in various excess bias voltages and at
different temperatures. The slight difference between
the DCR curves at various temperatures is another sign
of tunneling domination in DCR because DCR is less
dependent on temperature.

Table 1 summarizes the performance of the new NTGR
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SPAD that was presented in this letter and that has an
active area diameter of 10 µm. The high jitter in NTGR
structures can be attributed to red and infrared photon
absorption deep in the substrate. This absorption results
in a long photogenerated-carrier travelling time. High

Fig. 5. (Color online) Electric field distribution of the NTGR
structure at 1.4 V of excess bias voltage.

Fig. 6. (Color online) Pe, Ph, and Pp as functions of z at 1.4
V of excess bias voltage.

Fig. 7. (Color online) Tunneling noise in NTGR structures at
different excess bias voltages at room temperature.

Fig. 8. (Color online) DCR behavior of SPADs at different
excess bias voltages and temperatures.

Table 1. Comparison of NTGR and PTGR SPADs

Performance This Work PTGR[4] Comments

(NTGR)

DCR 10 kHz 11 Hz At 1.5 V Excess

Bias Voltage

and at Room

Temperature

PDP 43% 40% Maximum PDP

Timing Jitter 152 ps 80 ps At 405-nm

(FWHM) Wavelength

Illumination

Afterpulse 25% 23% At the Nominal

Probability Dead Time

Vbr 13.6 V 17.7 V Breakdown

Voltage at Room

Temperature

photon detection probability (PDP) may be the result of
a lack of deep-well usage in NTGR structures. Therefore,
photon absorption is not confined to deep wells.

In conclusion, the tunneling effects in two main SPAD
topologies used in planar technologies and notably in
most CMOS processes are evaluated. Device simula-
tions that are supported by I −V measurements, as well
as DCR calculations and measurements, demonstrate
higher tunneling than PTGR structures because of cer-
tain doping profiles in NTGR SPADs.

SPAD realizations and simulations were performed by
the group of Professor E. Charbon of TU Delft, the
Netherlands. The authors are grateful for his support.
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