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Silicon Photomultipliers:
Dark Current and its Statistical Spread

' Roberto PAGANO, * Sebania LIBERTINO, *Giusy VALVO, ? Alfio RUSSO,
2 Delfo Nunzio SANFILIPPO, 2 Giovanni CONDORELLLI, 2Clarice DI MARTINO,

?Beatrice CARBONE, ?Giorgio FALLICA and * Salvatore LOMBARDO
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E-mail: salvatore.lombardo@imm.cnr.it

Received: 15 November 2011 /Accepted: 20 December 2011 /Published: 12 March 2012

Abstract: Aim of this paper is to investigate on a statistical basis at the wafer level the relationship
existing among the dark currents of the single pixel compared to the whole Silicon Photomultiplier
array. This is the first time to our knowledge that such a comparison is made, crucial to pass this new
technology to the semiconductor manufacturing standards. In particular, emission microscopy
measurements and current measurements allowed us to conclude that optical trenches strongly improve
the device performances. Copyright © 2012 IFSA.

Keywords: Silicon photomultipliers, Dark current, Wafer level.

1. Introduction

Silicon-based single photon avalanche detectors [1-11] have been widely investigated since their
appearance thanks to their interesting features: reduced dimensions, low weight, low fabrication costs,
insensitivity to magnetic fields, and low operation voltage. Starting from single diode devices, progress
in the field has driven the microelectronic industry to go towards designing and fabricating arrays of
such devices, that is, avalanche diodes with an integrated quenching resistor connected in parallel by a
metal grid and operating in Geiger mode, referred to as Si PhotoMultipliers (SiPMs), to cover areas up
to ~10 mm® per device (Fig. 1 (a) and (b)). The principle of operation of each single avalanche
detector consists in a p-n junction biased above the breakdown voltage (BV). Thanks to the high
quality substrate and fabrication technology (low defect concentration), it can remain quiescent above
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the BV until a photon is absorbed in the depletion volume. Once the photon is absorbed, the generated
electron-hole (e-h) pair triggers a self-sustaining avalanche breakdown. The avalanche is switched off
through an opportunely designed quenching resistor that reduces the voltage below breakdown as soon
as the current flows through the diode.

Fig. 1. (a) Microphotograph of a 64x64 pixels SiPM with 6.5 mm? active area produced by STMicroelectronics.
The pixel, shown in the insect, has an active area of 40 um x 40 um. (b) Schematic circuit diagram of a SiPM.
The pixel, enclosed by the dashed line, is composed of an APD and a quenching resistor.

Note that node 1, 2 and 3 are the same in Fig. (a) and (b).

Each pixel of a SiPM works independently and produces the same output current pulse when fired by a
photon. If multiple photons hit the SiPM area at the same time within the pixel time jitter, the SiPM
output pulse is in the linear regime the parallel sum of the currents produced by each single pixel and
then proportional to the number of pixels hit by a photon. In this way the single photon avalanche
diode, with its digital response independent on the number of impinging photons when they are in
coincidence, is transformed into an analog device able to quantify the number of photons arriving at
the same time from a low intensity light source, though maintaining the photon counting ability.

Such ideal behavior is modified by the occurrence of phenomena leading to dark current in each pixel,
generally attributed to generation/recombination effects from Shockley-Read-Hall (SRH) defects in the
depletion layer sometimes assisted by the high electric field [12], diffusion of carriers from the quasi-
neutral boundaries of the p-n junction, and afterpulsing effects [13]. In the whole SiPM detector the
cross-talk between pixels can increase considerably the dark current, limiting the device operation
capabilities [14]. The cross-talk is a noise contribution common in all pixelated devices. A current
pulse produced by a pixel, due to a photon detection event or to a primary dark noise event, can trigger
in one or more adjacent pixels a parasitic avalanche breakdown. The corresponding output current of
the SiPM is then proportional to the number of involved pixels in the correlated cross-talk phenomena.
This noise contribution is detrimental in all the applications where the single photon resolution is
required. In order to reduce the crosstalk deep trenches can be fabricated around each pixel, though
they imply a noticeable complication in the fabrication technology.

Aim of this paper is to investigate on a statistical basis at the wafer level the relationship existing
among the dark currents of the single pixel compared to the whole SiPM array. This is the first time to
our knowledge that such a comparison is made, crucial to pass this new technology to the
semiconductor manufacturing standards.
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2. Experimental

Single pixels and arrays of 64x64 pixels were fabricated in standard silicon planar technology starting
from a Float Zone (FZ) low doped n-type substrate with a resistivity of ~ 4-10° Q-cm. A 2 um p+
epitaxial layer doped with 9-10'® cm™ Boron atoms is grown on the substrate. This highly doped layer
forms a low resistance path for carriers moving from the active region to the anode contact and blocks
the diffusion of carriers from the n substrate to the active volume of the p-n junction.

A 5 pm p epitaxial layer with a Boron concentration of ~10" c¢m™ is then grown on the p+ layer.
Before the definition of the active region, p++ sinkers are created by a high boron implantation in
order to reduce the anode contact resistance and provide a low resistance path to the avalanche current.
An n-type guard ring surrounding the active volume is formed by arsenic implantation in order to
prevent lateral breakdown. An enrichment region is obtained through B implantation, to define both
the device active area and the BV (~ 28 V). The thin cathode is an n++ thin polysilicon layer doped in-
situ with arsenic. A Rapid Thermal Anneal process allows the diffusion of the arsenic atoms in the p+
layer forming a shallow arsenic profile of ~ 0.15 um [15] depth. The quenching resistor is integrated
over the cathode of the cell itself and fabricated using low-doped polysilicon [16]. Thin optical
trenches, filled with oxide and metal, surround the pixel active area in order to reduce electro-optical
coupling effects (crosstalk) between adjacent pixels. A double-layer made of SiO, and SiNj is
deposited on the top of the active region to form an anti-reflection coating (ARC). Different oxide
layers are finally deposited in order to passivate the surface and the metal contacts are created by
sputtering deposition of various metals. A schematic cross-section of the final structure of the single
cell is shown in Fig. 2.

hvu
poly-si CATHODE ANODE

optical trench resistor

poly n++

..............

= n-- sub. =

Fig. 2. Schematic cross section of the SiPM single pixel, showing the central active area with the diffused
cathode (indicated as “n++”), the enriched anode (“p+”), the sub-anode (“p epi”),
the anode contact region (“p+ epi”), the substrate (“n-- sub”), the ARC and the optical trenches.

Electrical characterization was performed at the wafer level using a Cascade Microtech Probe Station
11000. The prober was shielded from visible radiation by means of a thick plastic cover to provide the
required dark condition. The samples were cooled using a Temptronic TPO 3200A ThermoChuck that
can provide a stabilized temperature between -60 °C and 200 °C. Current to voltage measurements
were acquired using an HP 4156B precision semiconductor parameter analyzer using an integration
time of 1 s, sufficient to correctly measure the current even at low temperature.
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Emission microscopy (Em.Mi) measurements were carried out at 25 °C using an over-voltage
(i.e. voltages above the junction breakdown voltage, AV) of 3 V.

Fig. 3 shows the 2D simulation of the electric field profile of a pixel performed at a bias polarization of
-30 V. The 2D simulation has been performed using the Silvaco TCAD suite [17]. The electric field at
the lateral border is well below its maximum value for junction breakdown and it is negligible with
respect to the maximum value in the active region, in which, on the contrary, the field is above the
critical field for avalanche breakdown.

Microns

Electric Field (Vfcm)

=== G.0Be+05
4.43e+05
3.Be+05
3.4Te+05
2.53e+05
1.0e+05
1.27e+05
6.33e+04

=== p.oo

0 4 8 12 16 20 24
Microns

Fig. 3. 2D TCAD simulation of the electric profile performed at a bias polarization of -30 V
in the structure sketched in Fig. 2.

3. Results and Discussion

In Fig. 4 it is shown typical dark current-voltage (I-V) characteristics of a single pixel in reverse
polarization at 25 °C. The BV is -28.0 V in agreement with TCAD simulation. The I-V presents three
distinct regions. The first, marked in green, extends from 0 V up to BV. The leakage current in this
region is of the order of ~ 10 fA at 25 °C, close to the instrument sensitivity, and it has a linear
behavior with respect to voltage. The second region, depicted in red, ranges from BV to about -34 V,
i.e. from 0 to 20 % of the OV. The IV in this region has an abrupt increase with respect to the voltage
and follows a cubic law as a function of the OV. Finally, in the third region, for voltage above -35 V in
absolute value, depicted in blue, the current deviates from the cubic behavior and increases steeply
with the voltage.

The second region is the operation voltage range for the single photon detection application. The pixel
dark current in that region of interest is, as experimentally verified [18], given by:

N :
ID=q*G*DC=q*G*[ Def+AP|xelj, (1)

T T;

where Q is the elementary charge, G the gain, i.e., the total number of carriers generated in a single
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avalanche, from the avalanche buildup to the avalanche quenching and pixel recharge, DC is the dark
count rate i.e. the number of avalanches per second in dark condition, given by [18]:

N )
DC :[T+%j @)

where N is the number of carrier generating defects per pixel in the active volume, 7 the average

time for carrier generation event per defect, A, the single pixel active area, 7; the average time per

unit area for the intrinsic carrier generation due to diffusion from the quasi neutral regions to the active
volume.

6 0=20% OV
10 ' -
@ 25°C
10° |
~
=
= 10
g 10 |
o
-
o 12
10 %}
14
10" ' ; '
0 -10 -20 -30 -40

Voltage [V]

Fig. 4. Reverse current-voltage characteristic of a single pixel at 25 °C. Three different regions are shown.

Depending on the voltage dependence of both the gain and the dark count rate, the I-V characteristics
show a well defined shape. In our devices it was found that the gain has a parabolic dependence [19]
on the bias while the DC is a linear function [18]. Therefore, the product of these two terms explains
the cubic dependence of the current with respect to the voltage.

At bias voltages higher than -35 V in absolute value the current increases more rapidly than a cubic
law. This is mainly due to the increase of the afterpulsing effect and the inefficiency of the quenching
mechanism.

The temperature dependence of the dark current gives useful insight on the mechanisms leading to the
dark counts, indicating their origin, i.e. whether due to diffusion of minority carriers or to generation
processes from SHR centers. Fig. 5 shows a typical example of an Arrhenius plots of the dark current
at a constant OV = 4 V in a single pixel. The activation energy (E,) is close to the silicon energy band
gap (Ec = 1.12eV) when the reverse current is dominated by the diffusion of minority carriers and
close to half of the silicon gap (Ec/2 = 0.56 eV) when dominated by mid-gap defects leading to SHR
generation. The activation energy for temperatures above 50 °C is exactly 1.12 eV, evidencing that the
diffusion of minority carriers is the dominant process at higher temperatures. At lower temperatures
the activation energy of 0.59 eV clearly evidences that the generation from mid-gap SHR centers is the
dominant dark count mechanism.
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Fig. 5. Arrhenius plot of the dark current of a pixel at a fixed +4 OV. Black dashed line is the fit
of the experimental data for temperature higher than 50 °C. Red dotted line is the fit
of the experimental data for temperature lower than 50 °C.

In the whole SiPM detector, one of the major issues to solve is the minimization of the cross-talk effect
among close pixels. An improper isolation scheme results in an avalanche correlation effect which
triggers avalanches in close pixels (Fig. 6(a)). The avalanches in close pixels are likely triggered either
by photons or by minority carriers produced by the avalanche of a primary pixel which migrates to
close pixels causing new avalanches. The use of a proper electro/optical isolation trench scheme
dramatically improves the situation (Fig. 6(b)), rendering negligible the cross-talk effect among
neighbor pixels, and strongly reducing the dark current (from 300 to 10 pA).

Fig. 6. Emission Microscopy measurements on SiPM arrays (a) without, and (b) with optical trenches.

The relationship among the dark currents in single pixels and in complete SiPM arrays is investigated
in Fig. 7. We find that the Ip of the overall SiPM devices is simply the sum of the currents of single
pixels as above modeled, with no contribution of extrinsic defects providing high leakage paths. In
particular Fig. 6 shows frequency histograms comparing the dark currents measured at room
temperature of single pixels and SiPM arrays for a total of 952 devices at over-voltages (i.e., voltages
above the junction breakdown voltage) of 2, 3, and 4 V. The SiPM device contains 4096 pixel, so the
respective currents of SiPM to single pixel should stay in ratio of about 4,000, as actually found.
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Fig. 7. Probability density as a function of the output current at over-voltages of 2 V, 3 V and 4 V, for both
single pixels and arrays (having 4096 cells). The solid lines are the model results.

To model Ip in the present devices, we note that at room temperature the term N / 7 dominates, so
the Ip statistics should essentially coicide with the Ny statistics. The prevalence of the N, /7 term

has been demonstrated through the temperature dependence of the leakage current, as reported in
Fig. 5. For the N_statistics we assume the Poisson statistics so we find that the probability dP of

having a dark count between Ip and Ip+dIp is:

dP m
I=N*GXPL.|2: (1o *log(m,, /1) + (1o =m, ) ©

where N is normalization constant, m, is the statistical average of the dark current and a,zD is the

variance. In the case of the SiPM arrays the same expression holds. Fig. 7 reports also the model
curves, which show a good match with the experimental data. The model predicts that the combination
of statistical parameters 0',2D / m,_ should be equal to g /7*G or 4096*q/7* G, for the single pixel and

the SiPM array, respectively. Fig. 8 reports the experimental values of a,zD / m,_ as a function of the
device overvoltage. As the overvoltage increases, 0',2D / m,  grows, due to the G increment. Moreover
the ratio of 0',2D / m,_ between SiPM and single pixel results of the order of 4,000 (Fig. 8), as predicted

by the model. Further developments are ongoing. In particular we would like to mention that an
improved version of our SiPM technology shows a further reduced dark current leakage. This is
attributed to an improved minority carrier lifetime (larger 7; in Eq. (2)), obtained through a better

device architecture [20].

4. Conclusions

In this paper we report on the relationship among the dark currents of the single pixels compared to a
complete Silicon Photomultiplier arrays. A good understanding of dark current in both cases has been
reached. The experimental data, emission microscopy and dark current measurements, show that
optical trenches strongly improve the device performances in term of reduction of the dark current.
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Fig. 8. (a) Experimental values of the variance divided by average device current as a function of the device
over-voltage for the single pixel (in blue) and the SiPM (in red); (b) Experimental values of the ratio of the
variance divided by the average device current between SiPMs and single pixels as a function of the over-

voltage. The model, in good agreement with the experimental results, predicts that the ratio should be equal to
the number of pixels in the SiPM device, equal to 4,096.

The dark current below 40 °C, as demonstrated by the Arrhenius plot for the single pixel, is dominated
by SRH defects, while it is ideal at higher temperatures. SRH generation-recombination and diffusion
models, coupled with Poisson Statistics catch quite well the behavior of dark currents in pixels, arrays,
and statistical distribution. Further developments based on better device architecture aimed to a further
reduction of the dark current are ongoing.

Acknowledgements

CNR authors gratefully acknowledge STMicroelectronics support for research funding. The work
presented in this paper was partially supported by STMicroelectronics.

References

[1]. R. H. Haitz, Model for the electrical behavior of a microplasma, J. Appl. Phys., Vol. 35, Issue 5, 1964,
pp- 1370-1376.

[2]. R. H. Haitz, Mechanisms contributing to the noise pulse rate of avalanche diodes, J. Appl. Phys., Vol. 36,
Issue 10, 1965, pp. 3123-3131.

[3]- R. J. McIntyre, The distribution of gains in uniformly multiplying avalanche photodiodes: Theory, |IEEE
Trans. Electron Devices, Vol. 19, Issue 6, 1972, pp. 703-713.

[4]. Perkin Elmer Optoelectronics web portal, SPCM-AQR Data Sheet,
(http://www.htds.fr/doc/optronique/SPCM.pdf).

[5]. S. Cova et al., Active-quenching and gating circuits for single-photon avalanche diodes (SPADs), IEEE
Trans. Nucl. Sci., Vol. 29, Issue 1, 1982, pp. 599-601.

[6]. F. Zappa, A. Giudice, M. Ghioni, and S. Cova, Fully-integrated active-quenching circuit for single-photon
detection, in Proceeding of the 28" European Solid-State Circuits Conference (ESSCIRC’ 2002), Florence,
Italy, 24-26 September 2002, pp. 355-358.

[7]. S. Vasile, R. J. Wilson, S. Shera, D. Shamo, M. R. Squillante, High gain avalanche photodiode arrays for
DIRC applications, IEEE Trans. Nucl. Sci., Vol. 46, Issue 4, 1999, pp. 848-852.

[8]. P. P. Antich, E. N. Tsyganov, N. A. Malakhov and Z. Y. Sadygov, Avalanche photo diode with local
negative feedback sensitive to UV, blue and green light, Nucl. Instrum. Meth. A, Vol. 389, Issue 3, 1997,
pp- 491-498.

158



Sensors & Transducers Journal, Vol. 14-1, Special Issue, March 2012, pp. 151-159

[9]. G. Bondarenko, P. Buzhan, B. Dolgoshein, V. Golovin, E. Guschin, A. Ilyin, V. Kaplin, A. Karakash,
R. Klanner, V. Pokachalov, E. Popova, K. Smirnov, Limited Geiger-mode microcell silicon photodiode:
new results, Nucl. Instrum. Meth. A, Vol. 442, Issue 1-3, 2000, pp. 187-192.

[10].V. Golovin, Avalanche Photodetector, Russian Agency for Patents and Trademarks, Patent No. RU
2142175, 1998.

[11].Z. Sadygov, Avalanche Detector, Russian Agency for Patents and Trademarks, Patent No. RU 2102820
1998.

[12].G. A. M. Hurkx, H. C. de Graatf, W. J. Kloosterman, and M. P. G. Knuvers, A new analytical diode model
including tunneling and avalanche breakdown, IEEE Trans. Elect. Dev., Vol. 39, Issue 9, 1992,
pp. 2090-2098.

[13].S. Cova, A. Lacaita, and G. Ripamonti, Trapping Phenomena in Avalanche Photodiode in Nanosecond
Scale, IEEE Elect. Dev. Lett., Vol. 12, Issue 12, 1991, 685-687.

[14].SILVACO International web portal, (http://www.silvaco.com).

[15].P. Buzhan, B. Dolgoshein, A. Ilyin, V. Kaplin, S. Klemin, R. Mirzoyan, E. Popova, M. Teshima,
The cross-talk problem in SiPMs and their use as light sensors for imaging atmospheric Cherenkov
telescopes, Nucl. Instrum. Meth. A, Vol. 610, Issue 1, 2009, pp. 131-134.

[16].E. Sciacca et al., Silicon Planar Technology for Single-Photon Optical Detector, IEEE Trans. Electr. Dev.,
Vol. 50, Issue 4, 2003, pp. 918-925.

[17].M. Mazzillo, G. Condorelli, A. Piazza, D. Sanfilippo, G. Valvo, B. Carbone, G. Fallica, S. Billotta,
M. Belluso, G. Bonanno, A. Pappalardo, L. Cosentino, P. Finocchiaro, Single-photon avalanche
photodiodes with integrated quenching resistor, Nucl. Instrum. Meth. A, Vol. 592, Issue 2, 2008,
pp. 367-373.

[18].R. Pagano, S. Lombardo, S. Libertino, G. Valvo, G. Condorelli, B. Carbone, D. N. Sanfilippo, and
G. Fallica, Understanding dark current in pixels of silicon photomultipliers, in Proceeding of the 40"
European Solid State Device Research Conference (ESSDERC’ 2010), Seville, Spain, 13-17 September
2010, pp. 265-268.

[19].R. Pagano, S. Libertino, D. Corso, G. Valvo, D. Sanfilippo, G. Fallica, and S. Lombardo, Dark current in
SiPM pixels: data and model, Submitted to IEEE Trans. Electr. Dev.

[20].R. Pagano, S. Libertino, D. Corso, G. Valvo, D. Sanfilippo, G. Condorelli, M. Mazzillo, A. Piana,
B. Carbone, G. Fallica and S. Lombardo, Improvement of the diffusive component of dark current in SiPM
pixels, article in preparation.

2012 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved.
(http://www.sensorsportal.com)

Universal Frequency-to-Digital
Converter (UFDC-1)

16 measuring modes: frequency, period, its
difference and ratio, duty-cycle, duty-off factaor, time
interval, pulse width and space, phase shift, events
counting, rotation speed

2 channels

Programmable accuracy up to 0.001 %

Yifide frequency range: 0.05 Hz ... 7.5 MHz

{120 MHzZ with prescaling)

Mon-redundant conversion time

R5-232, 5Pl and EC interfaces

Operating temperature range -400C .. +85°C

infof@sensorsportal.com SWP, Inc., Canada

159


http://www.sensorsportal.com/HTML/E-SHOP/PRODUCTS_4/UFDC_1.htm

Sensors & Transducers Journal /

V'

Guide for Contributors

Aims and Scope

Sensors & Transducers Journal (ISSN 1726-5479) provides an advanced forum for the science and technology
of physical, chemical sensors and biosensors. It publishes state-of-the-art reviews, regular research and
application specific papers, short notes, letters to Editor and sensors related books reviews as well as
academic, practical and commercial information of interest to its readership. Because of it is a peer reviewed
international journal, papers rapidly published in Sensors & Transducers Journal will receive a very high
publicity. The journal is published monthly as twelve issues per year by International Frequency Sensor
Association (IFSA). In additional, some special sponsored and conference issues published annually. Sensors &
Transducers Journal is indexed and abstracted very quickly by Chemical Abstracts, IndexCopernicus Journals
Master List, Open J-Gate, Google Scholar, etc. Since 2011 the journal is covered and indexed (including a
Scopus, Embase, Engineering Village and Reaxys) in Elsevier products.

Topics Covered

Contributions are invited on all aspects of research, development and application of the science and technology
of sensors, transducers and sensor instrumentations. Topics include, but are not restricted to:

e Physical, chemical and biosensors;

e Digital, frequency, period, duty-cycle, time interval, PWM, pulse number output sensors and
transducers;

Theory, principles, effects, design, standardization and modeling;
Smart sensors and systems;

Sensor instrumentation;

Virtual instruments;

Sensors interfaces, buses and networks;

Signal processing;

Frequency (period, duty-cycle)-to-digital converters, ADC;
Technologies and materials;

Nanosensors;

Microsystems;

Applications.

Submission of papers

Articles should be written in English. Authors are invited to submit by e-mail editor@sensorsportal.com 8-14
pages article (including abstract, illustrations (color or grayscale), photos and references) in both: MS Word
(doc) and Acrobat (pdf) formats. Detailed preparation instructions, paper example and template of manuscript
are available from the journal’s webpage: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm Authors
must follow the instructions strictly when submitting their manuscripts.

Advertising Information

Advertising orders and enquires may be sent to sales@sensorsportal.com Please download also our media kit:
http://www.sensorsportal.com/DOWNLOADS/Media_Kit 2012.pdf


http://www.sensorsportal.com/

e

L‘"" ;
International Frequency Sensor Association Publishing

Digital Sensors and Sensor Systems: Practical Design will greatly benefit undergraduate and at
PhD students, engineers, scientists and researchers in both industry and academia. It is especially
suited as a reference guide for practicians, working for Original Equipment Manufacturers (OEM)
electronics market (electronics/hardware), sensor industry, and using commercial-ofi-the-shalf
components, as well as anyone facing new challenges in technologies, and those involved in the
design and creation of new digital sensors and sensor systems, including smart and/or intelligent
sensors for physical or chemical, electrical or non-electrical quantities.

“It is an outstanding and most
completed practical guide about how to
deal with frequency, period, duty-cycle,
time interval, pulse width modulated,
phase-shift and pulse number output
sensors and ftransducers and quickly
create various low-cost digital sensors
and sensor systems ..." (from a review)

Sergey Y. Yurish /

Digital Sensors
and Sensor S}fstems.
Practical Design

Order online:
http:/fwww.sensorsportal.com/HTML/BOOKSTORE/Digital_Sensors_htm

www.sensorsportal.com



http://www.sensorsportal.com/HTML/BOOKSTORE/Digital_Sensors.htm

