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ABSTRACT

PureB silicon photodiodes have nm-shallow p*n junctions with which photons/electrons with penetration-depths of a few
nanometer can be detected. PureB Single-Photon Avalanche Diodes (SPADs) were fabricated and analysed by 2D
numerical modeling as an extension to TCAD software. The very shallow p*-anode has high perimeter curvature that
enhances the electric field. In SPADs, noise is quantified by the dark count rate (DCR) that is a measure for the number of
false counts triggered by unwanted processes in the non-illuminated device. Just like for desired events, the probability a
dark count increases with increasing electric field and the perimeter conditions are critical. In this work, the DCR was
studied by two 2D methods of analysis: the “quasi-2D” (Q-2D) method where vertical 1D cross-sections were assumed
for calculating the electron/hole avalanche-probabilities, and the “ionization-integral 2D (II-2D) method where cross-
sections were placed where the maximum ionization-integrals were calculated. The Q-2D method gave satisfactory results
in structures where the peripheral regions had a small contribution to the DCR, such as in devices with conventional deep-
junction guard rings (GRs). Otherwise, the 11-2D method proved to be much more precise. The results show that the DCR
simulation methods are useful for optimizing the compromise between fill-factor and p-/n-doping profile design in SPAD
devices. For the experimentally investigated PureB SPADs, excellent agreement of the measured and simulated DCR was
achieved. This shows that although an implicit GR is attractively compact, the very shallow pn-junction gives a risk of
having such a low breakdown voltage at the perimeter that the DCR of the device may be negatively impacted.
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1. INTRODUCTION

High sensitivity in low-light conditions is readily achieved by using avalanche photodiodes (APDs). APDs operated in
Geiger mode, reversely biased above breakdown voltage (Ver), have infinite internal gain allowing detection of a single
photon. These APDs are usually called single-photon avalanche detectors (SPADSs). Single-photon detection is utilized in
a number of different fields such as deep space communication?, 3D imaging?®, medical and biological imaging*, laser
optical ranging (LIDAR/LADAR) systems® and quantum communication applications” - in particular quantum key
distribution®®. Fields such as medical imaging, advanced lithography and electron microscope imaging can profit from the
use of very low-penetration-depth beams that may include near-, vacuum- and extreme-ultraviolet light and low-energy
electrons (100 — 1000 eV). The photosensitive region in Si must then extend to within a few nm of the light-entrance
window surface to obtain high responsivity. Other desired properties are low noise, high stability during exposure,
robustness with respect to the sometimes-harsh detection environment, and, most importantly, compatibility with CMOS
for integration of the read-out circuitry. PureB photodiodes have met these requirements!®'? and are in production as
regular photodiodes while research into SPAD integration is on-going*34,

In SPADs which are operated at an excess bias voltage of Vex = Vp-Veg, a self-sustained avalanche can be triggered by the
photo-generated carriers. The photon detection efficiency (PDE) is the ratio of the number of the photons detected by the
SPAD and the number of incident photons. The PDE gives a measure of the sensitivity of the SPAD to the impinging
radiation. Other than the incoming photons, the avalanche can be started by unwanted processes such as thermally
generated carriers and carriers generated due to tunneling or background photons®>%, This noise of the device is
characterized by the dark count rate (DCR). Thermal carrier generation is dominated by the Shockley-Read-Hall (SRH)
process. Carrier generation due to tunneling can be attributed to band-to-band tunneling (BTBT) or trap-assisted tunneling
(TAT). Both mechanisms depend on the magnitude of the electric field in the semiconductor leading to an exponential
increase of the DCR with Vex!’. Moreover, counts can be triggered by the release of carriers from deep energy levels. This
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is a secondary effect attributed to the operation of the SPAD called afterpulsing. Deep levels are filled during the avalanche
process and the spontaneous release of deep-level carriers can trigger additional counts!®2°,

Simulations of the DCR and PDE are not directly available in commercially available TCAD software such as Sentaurus
Device?®. A TCAD-based simulation environment capable of simulating the DCR and PDE characteristics of SPADs is
developed by the authors based on avalanche probability calculations in 1D?%. The simulation procedure is adopted from??
but with the main advantage of using TCAD in the simulations. However, to properly capture the perimeter contribution
to DCR, a 2D modeling of the SPAD is also required. In this paper, a TCAD-based simulation environment capable of
simulating 2D DCR characteristics of Si SPADs is developed by proposing two methods of calculating the DCR. Several
test-structures with different perimeter termination of the Si p*n diode regions are proposed to compare and assess the
applicability of the methods. The developed environment is used to calculate the total DCR of the PureB SPADs, showing
excellent agreement with the measurements. Using the proposed simulation environment PureB SPADs with an implicit
guard ring (GR) are examined. The sources of DCR are identified and the critical regions are located. The optimization of
the fabrication parameters to reduce the DCR in PureB SPADs is considered and briefly discussed.

2. DARK COUNT RATE MODELLING IN ATCAD ENVIRONMENT

2.1 1D theoretical treatment

Theoretical treatment for modeling of 1D SPAD behavior is first given. The probabilities that an electron or a hole can
start an avalanche (Pe, Py) are derived in the 1D case by Oldham et al.?%. The probabilities that an electron or a hole injected
into the high-field region from any position in the structure (x) will cause an avalanche are calculated as:

dPe
== (1= R) - ao(P + Py — PPy, (1)
Lk = —(1 = Py) - ay(P. + P, — RPy), @

where ae and on are impact ionization coefficients for electrons and holes, respectively. The differential equations are
solved with boundary conditions for pn-junction diode of Pe(Xstart) = 0 and Pn(Xend) = 0 Where Xstrt i the beginning of the
depletion region and Xenq is the end of the depletion region having the width W = Xeng - Xstart. Coefficients ae and on are
extracted from a TCAD simulator at different excess bias voltages. Sentaurus Device?® allows simulations of I-V
characteristics beyond the breakdown voltage where the impact ionization generation is not included self-consistently into
solving the continuity equations. This effectively allows turning off the impact ionization while at the same time the
ionization coefficients are calculated for a given structure at a certain Vex.

DCR and PDE are determined using the pair avalanche probability?:
Pp=Pe+Ph_PePh1 (3)

and carrier generation rate profiles that can be obtained from the TCAD simulator. In the general form, DCR can be
calculated using the equation based on??:

DCR = [, P, (x)Gqric(x) dx, )

where Gqark is one of the generation rate profiles caused by the dark carrier generation mechanisms such as SRH, BTBT
or TAT. Similarly, the PDE is calculated based on?? using the optical generation rate profile (Gpnoto) as:

OCR = fW Pp(x)Gphoto(x) dx, (5)
PDE = ? (6)

where @ is the impinging photon flux.
2.2 2D DCR calculation

Ina 2D simulation, the ionization coefficients can be extracted at different 1D cross-sections. By placing 1D cross-sections,
complete 2D profiles of P. and P can be obtained. In this work, two methods of constructing the 1D cross-sections are
proposed: in the “quasi-2D” (Q-2D) method where only vertical 1D cross-sections are assumed, and in the “ionization-
integral 2D” (I1-2D) method where cross-sections are created at positions where the maximum ionization integrals are
calculated as illustrated in Figure 1. The Q-2D method is proposed as a way of simplifying the extraction of the 2D DCR
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in a complex structure and if applicable to the geometry of the device the method can be used to analyze 3D DCR without
calculation of ionization integrals. First, the study of three test structures employing different GR solutions was performed
using the developed 2D calculation methods to analyze the applicability of the developed methods to different geometries.

(@

o SRR

- 1 1 1
+ + + t + t + 1 1 1 1 1 1
depleton ! | 1 1 111 /0 n-bulk ' n-bulk
1 1. 1 1 1 1 1 1 1 1.1 1 1 . 1 1
1 1 1 : : : : : . 1 : : : 1 1 II \‘
' et e R Lt Ty
REREEEEE R Q-2b A T R S II-2D
YYVYVYVYVYYYVYVYVy vl cross-sections vy vvy © ¢ cross-sections

Figure 1. Methods for constructing the 1D cross-sections for 2D avalanche probability calculations: a) “quasi-2D”, Q-2D
and b) “impact-ionization”, II-2D.

To compare the Q-2D and I1-2D methods, three Si p*n diodes test case structures were proposed and analyzed. These are
the structures without a guard ring (GR), with an implicit GR, and with a “conventional” lowly-doped GR. The cross-
sections of the simulated structures are shown in Figure 2. The simulated doping profile of the active part of the structure
is depicted in Figure 3 (a). The p* doping profile is a Gaussian with peak concentration (Nmp-+) at the surface of 2x10*® cm™®
and a pn junction depth (yjo+) of 100 nm, defined at a background concentration of 105 cm. This low background bulk
doping is defined to a depth of 10 um where a highly doped n* region with a concentration of 108 cm= is placed to prevent
full depletion of the substrate as indicated in Figure 3 (a). The multiplication region is located at ym = 250 nm from the
surface with a peak concentration of 2.5x10%*” cm™ and a diffusion length (D.) of 75 nm. The breakdown voltage of the
active part of the device (Ver) was 32.8 V obtained from 1D simulations and is shown in Figure 3 (b). Avalanche generation
was modeled using impact-ionization coefficients as measured by van Overstraeten and de Man?%, BTBT was simulated
using nonlocal tunneling models with default parameters from Sentaurus Device?® while SRH is simulated with the same
electron and hole recombination lifetimes of 100 ps and the position of the trap assumed at the middle of the bandgap.

P*; Nyp.=2%10%° cm3
Yjp+=100 nm
Multiplication region Ny,,=2.5%10'7 cm-3

yu=250 nm; D, =75 nm

@

NO-GR structure n-type bulk:1015 cm3

P*; Nyp=2%10%° cm-3

Yjp+=100 nm
Multiplication region Ny,,=2.5%10'7 cm-3
(b) yu=250 nm; D, =75 nm
Implicit-GR structure n-type bulk; 1015 cm3

X,
Multiplication region Ny,,=2.5x1017 cm-3 P*; Nyer=108 cm3
yu=250 nm; D, =75 nm Yijer=500 nm

"Conventional”’-GR structure n-type bulk;1015 cm3

Figure 2. Test case structures used to validate the applicability of the Q-2D and 11-2D methods: a) NO-GR structure, b)
implicit-GR structure, c) “conventional”-GR structure.
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Figure 3. Doping profiles of the simulated active region. (b) I-V characteristics of the active region of a device indicating the
breakdown voltage.

Impact ionization coefficients for electrons and holes with respect to depth of the simulated 1D structure are shown in
Figure 4 (@) at Vex =1V, 5V and 10 V. Using equations (1) and (2) the avalanche probabilities were calculated and are
shown in Figure 4 (b) for the same excess bias voltages. SRH and BTBT generation rates with respect to depth are shown
in Figure 4 (c). The shape of the SRH profile is determined by the BTBT generation rate which increases the concentration
of carriers. From the avalanche probabilities and the generation rates for SRH and BTBT one can calculate the DCR
contributions using the equation (4) at each excess bias voltage. This was performed at various Vex voltages and 1D DCR
contributions from SRH and BTBT in the active region are plotted in Figure 5. In the active region at Vex = 5 V, the DCR
from SRH is 38.8 Hz/um? which is more than three orders of magnitude higher than the BTBT equal to 0.016 Hz/um?.
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Figure 4. (a) lonization coefficients for electrons and holes with respect to the depth of the simulated 1D active region. (b)
Calculated avalanche probabilities for electrons and holes with respect to the depth of the simulated 1D active region. (c)
Generation rates for SRH and BTBT with respect to the depth of the simulated 1D active region.
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Figure 5. Simulated 1D DCR with respect to Vex in the active region of the test case structures.

The two methods for calculating 2D DCR are compared and the results are given in Table 1. For a given Vex up to 10 V,
the NO-GR structure consistently has lower Q-2D than 11-2D values. The cause was identified by comparing the plot of
the pair avalanche probability calculated using (3) in the depletion region of the two structures at Vex =5 V. Results are
plotted in Figure 6. With the Q-2D method, P, drops to zero at the depletion periphery because the electric field and
associated ionization coefficients are too low along the vertical cross-sections there. The 11-2D method gives an appropriate
representation of the electric field and Py, is calculated in the whole peripheral depletion region. Py in the active region is
the same for both methods. In contrast, for BTBT generation the critical position is located close to the high-field position
where avalanche generation occurs so the integrated DCR calculated by the two methods is practically the same. The
implicit-GR structure at Vex = 1 V has the same values of SRH and BTBT DCR since the breakdown is located in the
active region. However, with the given abrupt p* doping profile, the Ver per is as low as 37.9 V so for Vex>5 V the BTBT
DCR from this region dominates the total DCR at a Vex of 5 and 10 V where there also is a large increase in integrated
DCR values (Table 1). For the “conventional”-GR structure the integrated DCR has the same values for both the Q-2D
and 11-2D methods because the chosen GR has a low gradient doping profile that ensures that Verper > Ver + Vex for all
the simulated Vex. The integrated 2D DCR calculated by the 11-2D method with respect to Vex is shown in Figure 7 for the
implicit and “conventional” GR structures. An increase of the DCR due to the formation of another breakdown region is
clearly visible for Vex > 3 V for the structure with an implicit GR.

Table 1. Comparison of integrated 2D-DCR sources of SRH and BTBT, obtained by 11-2D and Q-2D cross-section

methods.
DCR DCR (Hz/pm?) @ Vex
Structure source Method
1V 5V 10V
SRH 11-2D 7.62-102 1.28-10° 1.89-10°
NO-GR Q-2D 4.64-10? 8.92-102 1.39-10°
i BTBT 11-2D 1.18:107 5.42-107 2.68-108
Q-2D 1.36:107 5.91-107 2.81-108
11-2D 4.52-10! 3.17-102 7.7-102
SRH 1 > >
.. Q-2D 4.52-10 3.09-10 6.58-10
Implicit-GR 2 1 3
BTBT 11-2D 1.17-10 3.66-10 3.05-10
Q-2D 1.17-102 7.70-10% 3.51-108
SRH 11-2D 3.39-10* 2.59-1072 5.09-102
“Conventional”- Q-2D 3.39-10% 2.59-102 5.09-102
- 1073 101 101
GR BTBT 11-2D 8.69 10_3 1.01 10_1 2.96 10-1
Q-2D 8.69-10 1.01-10 2.96-10
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Figure 6. 2D pair avalanche probability of the NO-GR structure at Vex =5 V derived for a) 11-2D and b) Q-2D cross-section
methods.
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Figure 7. Integrated DCR calculated using the 11-2D method with respect to Vex for the structures with implicit and
“conventional” GR configurations.

In general, GRs ensure that the peripheral breakdown Vgr er is higher than Ver. An implicit GR is commonly chosen to
achieve a compact device and high fill factor in photodetector arrays. Like other GRs they are designed to lower the doping
gradient, and thus also the potential gradient, over the corners of the anode perimeter where otherwise the highest electric
field and lowest breakdown voltage would be. Moving the breakdown away from the perimeter also has the advantage of
avoiding a high field at the SiO- interface that otherwise is a source of defect-induced carrier generation. The presented
DCR simulation methods are useful for optimizing the compromise between fill factor and the p- and n-doping profiles of
the GRs in SPAD devices like the experimentally investigated PureB SPADs addressed in the next subsection. The Q-2D
method is a way of approximating the avalanche probabilities that gives satisfactory results in structures where the
peripheral regions have a small contribution to the DCR, such as can be achieved with conventional GRs. Otherwise, the
more precise 11-2D method should be employed. The Q-2D method can provide a way of assessing the DCR contribution
in a 3D device by simulating only a portion of the device without performing computationally expensive 3D simulations.
This can shorten the process of optimizing the final structure of the device when the SPAD-enabled TCAD simulation
environment, presented here, can be utilized.
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3. ANALYSIS OF FABRICATED PUREB SPADS USING THE DEVELOPED TCAD
ENVIRONMENT

3.1 Process simulations of PureB SPAD fabrication steps

Process simulations using Sentaurus Process?®> were performed following the fabrication steps for the PureB SPADs
characterized in %. A schematic cross section of the PureB SPAD is shown in Figure 8 (a). The buried layer was simulated
with constant phosphorus doping concentration of 108 cm=. The epitaxial region with a thickness te = 1 pm and
phosphorus doping concentration Nepi = 10> cm™ was deposited on top of the n* buried layer. The implicit GR was formed
by a phosphorus implanted n-enrichment region through a 30-nm-thick thermal oxide into the epi-layer. It is a 2-step
implantation composed of first 1012 cm™ (Qe1) at 40 keV (Ee1) and then 5x10%? cm™ (Qez) at 300 keV (Ee2), annealed at
950 °C for 20 min. In the simulations, the PureB anode was approximated by a diffusion into the n-Si from an unlimited
source of boron. The PureB deposition was performed for 6 min at 700 °C followed in-situ by a 2.5-nm-thick Si deposition
doped with boron to a concentration of 108 cm and a final anneal at 850 °C for 1 min. This sets the maximum B-doping
concentration at 6x10° cm3. The final simulated doping profiles are shown in Figure 8 (b).
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Figure 8. (a) Cross section of a PureB SPAD indicating the simulated region. (b) Doping concentration profile after all the

simulated processing steps. Inset: Close-up of the doping concentration profile near the interface indicating the pn-junction
depth.

3.2 DCR contributions in PureB SPADs

Device simulations were performed both in 1D and 2D in Sentaurus Device?° using the structure obtained from the process
simulations. Avalanche generation was modeled using impact-ionization coefficients from the University of Bologna
impact-ionization model?®, When applied in the simulations, TAT and BTBT were both simulated using nonlocal tunneling
models?°. Thermal generation was modeled using the SRH model, the parameters of which were fitted to achieve the low
saturation current density characteristics typical of PureB photodiodes'>?”. Electron and hole lifetimes in the SRH model
equal 2x1075 s while the position of the trap was 0.15 eV from the middle of the bandgap towards the conduction band.
BTBT was simulated using the nonlocal Sentaurus Device model for which the generation term, Ggrsr, can be reduced to
Kane’s model in the uniform electric field limit®®:

Ggrpr = AFCexp (_ g): )

where F is the electric field, A and B are coefficients of the model, C is the coefficient which equals 2 for the direct
tunneling process, and 2.5 for the phonon-assisted tunneling process. The parameters of the model used in the simulations
are A = 1x10* cm® s! and B = 2.7x107 V/cm which lie in the theoretical range between 1.9x107 V/cm % and
3.1x107 V/ecm %, The parameters used for the traps placed at the anode periphery and applied in the TAT model had a trap
concentration of 10 cm?, a cross section of 10°* cm? and the position of the trap was 0.3 eV from the middle of the
bandgap towards conduction band. The Vg of the device obtained using the default processing parameters equals 14 V 3
while the simulations of only the n-enhancement part of the device resulted in a Vgr of 13.7 V.
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A comparison was made to measurements of the PureB SPADs*® that have a room temperature DCR as low as 5 Hz at
Vex = 0.5 V. Simulations were performed in a cylindrical coordinate system to obtain 3D generation rate profiles. Only
half of the device was simulated and the left edge of the structure was used as an axis of rotation. The DCR generation at
certain radial positions in the device were obtained and integrated using the developed 11-2D method. The PureB SPAD
devices had an implicit GR, a very abrupt 12-nm-deep p* region and an n* region at a distance of 0.9 pum. Therefore, a low
perimeter breakdown voltage with high DCR was predicted by the simulations at Vex = 5 V as shown in Figure 9. The
presence of two DCR sources is clearly visible — one is located at the active part of the device, while the second one is at
the PureB periphery.
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Figure 9. 3D BTBT DCR distribution in PureB SPAD simulated at Vex=5V.

In addition to SRH and BTBT generation, trap-assisted tunneling (TAT) generation was also simulated to account for
defects at the oxide termination of the p*-n junction perimeter. As shown in Figure 10, excellent agreement with
measurements was obtained. The SRH, TAT and BTBT with the used model coefficients all contribute to the total DCR,
but the TAT and BTBT impact starts at Vex = 3.5 V due to the high electric field at the periphery. Due to the oxide
termination of the p*-n junction perimeter, TAT there plays the dominate role in the DCR when the perimeter breakdown
has been reached. For a higher excess voltage, the electric field becomes higher and the perimeter BTBT becomes
dominant. There are several sources contributing to the DCR and the process non-uniformity can introduce additional DCR
sources which are not covered by simulations. From simulations, the DCR contributions at certain positions in the detector
could be identified offering a way to optimize the structure and reduce the contributions to the total DCR. In this respect,
since the major source of the DCR originates from the field-enhanced sources such as BTBT and TAT, the optimization
of the structure should go in the direction of minimizing the electric field at the edge and making the implicit GR more
efficient. The optimization would include reducing the doping concentration in the epitaxial region or increasing the
thickness of the epitaxial region.
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Figure 10. Comparison of the measured and simulated DCR for Qer = 1x10*2 cm2 for the PureB SPAD. The total simulated
DCR is comprised of the SRH, TAT and BTBT contributions.
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4. CONCLUSIONS

The functionality of the TCAD software was extended to model the discrete events such as DCR by developing a numerical
simulation procedure that is able to calculate the avalanche probabilities in 1D. The method was further expanded to also
cover the 2D DCR calculations. Two methods of performing the 2D DCR analysis in SPADs were proposed and assessed
for validity. The Q-2D method is a way of approximating the avalanche probabilities that gives satisfactory results in
structures where the peripheral regions have a small contribution to the DCR, such as can be achieved with conventional
GRs. Otherwise, the more precise 11-2D method should be employed. The presented DCR simulation methods could be
useful for optimizing the compromise between fill factor and the p- and n-doping profiles of the GRs in SPAD devices.
The Q-2D method can provide a way of assessing the DCR contribution in a 3D device by simulating only a portion of the
device without performing computationally expensive 3D simulations.

The developed simulation method was used to analyze DCR contributions in PureB SPADs. For the experimentally
investigated PureB SPADs excellent agreement of the measured and simulated DCR was achieved. Using the assumed
SRH, BTBT and TAT parameters, the different contributions to the DCR expose the critical spots in geometry of the
device. The very steep PureB p*n junction with sharp corners at the perimeter, results in high potential gradients that
require careful design of the n-doped region to prevent tunneling events from becoming a dominating source of dark counts.
A reduction of the DCR contribution coming from the field assisted processes could be achieved by increasing the n-epi-
layer thickness or lowering the doping of the epitaxial layer. A high electric field at the vertical pn junction in the active
region could also be minimized by modifying the processing parameters of the n-enrichment region implantation. Lowering
the donor concentration at the p*n junction of the n-enhancement region increases breakdown voltage and lowers the BTBT
contribution to the DCR. These are precautions that also would lower the capacitance of the SPAD but at the expense of
an increased series resistance. Therefore, there is a trade-off between speed and DCR that needs to be considered.
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