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Abstract
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Abstract


A current-assisted single-photon avalanche diode (CASPAD) is presented with a large and deep absorption volume combined with a small p-n junction in its middle to perform avalanche trigger detection. The absorption volume has a drift field that serves as a guiding mechanism to the photo-generated minority carriers by directing them toward the avalanche breakdown region of the p-n junction. This drift field is created by a majority current distribution in the thick (highly-resistive) epi-layer that is present because of an applied voltage bias between the p-anode of the avalanching region and the perimeter of the detector. A first CASPAD device fabricated in 350-nm CMOS shows functional operation for NIR (785-nm) photons; absorbed in a volume of 40 × 40 × 14 μm3. The CASPAD is characterized for its photon-detection probability (PDP), timing jitter, dark-count rate (DCR), and after pulsing.
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1. Introduction


Single-photon avalanche diodes (SPADs) become an integral part of applications which require high photon sensitivity, and/or accurate photon arrival timing. SPAD versions based on complementary metal-oxide semiconductor (CMOS) technology have the advantage of low production cost and the ability to monolithically integrate them with electronic circuitry for read-out and signal processing. They are employed in various applications such as 3D time-of-flight (TOF) and fluorescence-lifetime imaging (FLI) [1,2,3,4,5].



A SPAD is a p-n junction biased above its reverse breakdown voltage. At this bias, the SPAD operates in a meta-stable Geiger regime where a single electron/hole can generate impact ionization and the resulting electrons/holes also generate impact ionization and so on and therefore a large reverse current flows, which is self-sustaining. Therefore, the gain for this mode of operation is virtually infinite. The reverse current needs to be quenched to protect the p-n junction from overheating and physical damage. Quenching is also necessary to restore the SPAD to detect further photons. Quenching [6] is done by using a load resistor (passive quenching) or an active circuit of transistors (active quenching). In a conventional SPAD, the incoming light generates photo-carriers inside or near the depletion region of a horizontal p-n junction where the multiplication is expected to happen. Photo-carriers that are generated farther from the depletion region slowly diffuse and can potentially also cause avalanche breakdown. Increasing the detection area is not very straight-forward because that increases the active area where the multiplication is expected, and this puts more emphasis on careful design to have uniform field all over the active area. Increasing the detection area also increases the diode capacitance which in turn leads to a larger dead time of the detector. Another important concern is that a larger detection area increases the number of traps in the active area where the multiplication occurs and thereby increasing the probability of afterpulsing [7]. Further, sensitivity in near infrared (NIR) wavelengths, so important to many applications, is also posing problems, because the associated large photon penetration (10 μm–20 μm) depth is difficult to match with the limited thickness of the horizontal depletion region of the avalanching junction (several microns). Retrograde wells with variable doping profile for generating a built-in electric field have been introduced improving the NIR sensitivity of SPADs [8].



In this work, we present the current-assisted single-photon avalanche diode (CASPAD) that has a small p-n junction located in the center for avalanche breakdown and a large detection volume around it for photon absorption. The photo-electrons in the detection volume are guided using a drift field toward the central “SPAD” where they initiate an avalanche breakdown and can be subsequently detected by attached circuitry. Separate absorption and multiplication region avalanche photodiodes (SAM APDs [9]) in III-V semiconductors exist also having infrared sensitivity, but these are not in CMOS and thus require 3D hybrid stacking for read-out and signal-processing circuitry.




2. Detector Design


This first CASPAD is fabricated in a standard 350-nm CMOS process, making only use of the standard doping profiles for transistor fabrication like p+ and n+ zones for source and drain and P- and N-wells as local substrate. This limits quite much the number of options for the topological design, but it is good enough to show basic functionality of the CASPAD.



The cross section of the proposed CASPAD detector is shown in Figure 1. When there is a voltage difference between two highly doped p+ regions in a p− epilayer, there is a majority current which flows between the two p+ regions, in this case a hole current. This current has an associated drift field and when there is an electron generated in this drift field region, it is quickly guided toward the p+ region with the higher voltage. This “current assistance” detection principle has been used in photodetectors to improve device speed while having a larger detection volume [10]. A modulated hole current and drift field have been used in photonics demodulators for time-of-flight [11,12], and fast gated detectors for fluorescence lifetime imaging [13]. More recently, using the same structure as in this letter, linear gain mode avalanche photodiode operation [14] has been characterized below the breakdown voltage.



The CASPAD device is embedded in a high resistive (~1000 Ω.cm) 14 μm thick p-type epilayer to limit the majority hole current level for the current assistance and its associated power dissipation. The cathode consists of an n-diffusion embedded in an N-well. The backside contact is formed of silver paste to the highly doped p-substrate which acts similarly to a metal contact. Minimum widths and spacings allowed by the CMOS process are chosen with a certain added tolerance. The dimensions of the CASPAD device are illustrated in Figure 2.




3. Results and Discussion


3.1. Electric Field Simulation


Device physics simulations were done in Silvaco ATLAS to verify the CASPAD functionality and to determine the breakdown region. The simulated plot with electric field contours at the central “SPAD” (single-photon avalanche diode) junction can be seen in Figure 3. The electric field in the junction between the N-well and the p substrate is high enough to cause an avalanche breakdown when there is an electron. It should be noted that the vertical junction (shown in Figure 3) has lower field than the lateral junction. This is expected to not have a major effect in photon detection probability because most of the photo-electrons generated in the detection volume are guided toward the p+ anode region by the drift field and these photo-electrons are more likely to go to the lateral junction. The capacitance of the p-n junction is estimated to be around 1 fF from device physics simulations.




3.2. I-V Characteristics


Figure 4 shows the measured IV characteristics of the selected CASPAD. An anode-to-ring voltage of 15 V is applied in order to have a high-speed transfer of photo-electrons toward the avalanching p-n junction. Also, the backside substrate voltage is held at the same voltage as the ring voltage in order to guide the photo-electrons which are generated deeply in the epilayer (from e.g., NIR light) upwards to the lateral field between the ring and the anode. The p-n junction breaks down at a reverse voltage of 52.5 V and the associated reverse current at the onset of breakdown is ~20 pA. Hence, a high dark count rate is foreseen because most of these carriers flow through the avalanche multiplication region. The dark counts are due to contributions from the surface states, the silicide contact layer and band-to-band tunneling. The measurements in the following sections are defined in terms of excess bias voltage (Vex) which is the voltage above the breakdown voltage (Vbd) of 52.4 V and the anode-ring voltage was maintained at +15 V was found to be the optimum voltage for fast transfer of photo-electrons [14].




3.3. Dark Count Rate


For photon-counting measurements, an external quenching resistor of 47 kΩ is used and the parasitic capacitance of the bond pad is estimated to be around 1 pF which disguises the small (~1 fF) capacitance of the p-n junction.



Figure 5a shows the dark count rate of the device with respect to the excess bias voltage (Vex). As expected from the IV characteristics, the DCR is high. The main contribution to the DCR is possibly band-to-band tunneling, traps in the surface, and the silicide layer present close to the avalanching junction. Therefore, the device should be optimized in future versions to achieve a low DCR.




3.4. Timing Jitter


Timing jitter of photon-detection in a conventional SPAD is due to the statistical variation on the avalanche process and is in the order of tens to hundreds of picoseconds. However, in CASPAD, the timing jitter is due to the sum of the statistical variation in the avalanche process and the variable time it takes for the photo-generated electrons to travel to the central avalanching region. In [14], the position dependent delay has been characterized in more detail. For characterizing the timing jitter, a pulsed fiber laser, with a wavelength of 785 nm, is used which has a pulse width of ~70 ps. The laser spot is aligned on the whole device area with a custom microscope. Figure 5b shows the timing jitter of the device measured with a Becker and Hickel SPC-130 photon counting card. The timing jitter is characterized by the full-width half-maximum (FWHM) which is ~370 ps. A small diffusion tail (<1%) can also be observed, most likely due to the slowly diffusing carriers which are generated deeply in the substrate below the epi layer.




3.5. Afterpulsing


Traps in the active area of the SPAD “trap” charges during an avalanche event and release it later. The time delay of release ranges from a few tens to hundreds of nanoseconds. This adds co-related noise to the measurement and is known as afterpulsing. Since the active area of the CASPAD is very small, low afterpulsing is expected. Figure 5c shows the interavalanche time (Δt) histogram [15,16] of the device with an exponential fit (Δt = 50 µs). With negligible afterpulsing, the interavalanche curve should follow an exponential distribution. The deviation from this exponential distribution is a result of correlated noise. The afterpulsing probability is calculated by dividing the number of counts above the exponential fit by the total number of counts. The afterpulsing probability is calculated to be 5.7% at an excess bias voltage of 0.86 V. Although the afterpulsing probability is not very high, it could be attenuated by using on-chip quenching with low parasitic capacitance to reduce the number of carriers per avalanche event.




3.6. Photon Detection Probability


The sensitivity of SPADs are characterized by photon detection probability (PDP). The PDP is calculated in this work by dividing the number of counts (without the dark counts) by the number of photons incident. Figure 5d shows the PDP as a function of Vex. The PDP is the product of the probability of avalanche by an electron or a hole and the quantum efficiency of the device. The quantum efficiency of this CASPAD is calculated to be 47%, at a wavelength of 785 nm, from the measured responsivity (~0.3 A/W) from our previous work [14]. The low probability of avalanche breakdown by an electron (~12.2% max) for the CASPAD is primarily attributed to the square geometry of the p-n junction, the breakdown occurs at the sharp corners due to high concentration of electric field at sharp edges in a similar way to premature edge breakdown [17,18]. Further investigation by light emission tests confirms that the breakdown occurs at the sharp corners (shown in Figure 6). Light emission tests show that the light emission primarily stems from 3 out 4 corners proving that the breakdown does not occur in the entire p-n junction but only at the sharpest corners where the electric field is concentrated. Breakdown occurs much less frequently in one of the corners likely due to non-uniformity of the CMOS process. The PDP could be improved by having a circular geometry. A summary of performance parameters is listed in Table 1 and comparison is made with a few conventional SPADs fabricated in 350 nm CMOS.





4. Conclusions


The device structure can still be improved in many ways, mainly in its center area. Layout and depth of diffusions and wells and the use of circular shapes can be further investigated. They all affect the CASPAD performance parameters like PDP, DCR, deadtime, and afterpulsing. Receiver circuitry can also be considered, thereby taking advantage of the very small detector capacitance with passive and/or active quenching. Use of enhanced CMOS technology can also improve device operation. Further, using the current assistance principle, it becomes probably feasible to make devices that mainly have only vertical current assistance (omitting the ring). In that way a thicker epi-layer of 20 µm with a smaller CASPAD pitch (e.g., <10 µm) could be envisaged for higher resolution, NIR-efficient, imager solutions.



In summary, a detector which combines the principles of SPAD and current assistance has been presented. The device showed relatively good timing response for its larger area. Its basic operation has been demonstrated, in terms of its photon-detection probability (PDP), timing jitter, dark-count rate (DCR), and afterpulsing. Changes at the device level and integration with circuitry can still improve general performance.







Author Contributions


Conceptualization, G.J. and M.K.; methodology, G.J.; validation, G.J., H.I., and M.K.; formal analysis, G.J.; investigation, G.J.; writing—original draft preparation, G.J.; writing—review and editing, G.J, H.I., and M.K.; supervision, M.K.; All authors have read and agreed to the published version of the manuscript.




Funding


This work was sponsored in part by Sony Depthsensing Solutions NV and in part by the Research Council of the Vrije Universiteit Brussel (SRP 19).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cova, S.; Longoni, A.; Andreoni, A.; Cubeddu, R. A Semiconductor Detector for Measuring Ultraweak Fluorescence Decays with 70 ps FWHM Resolution. IEEE J. Quantum Electron. 1983, 19, 630–634. [Google Scholar] [CrossRef]

	



Gersbach, M.; Trimananda, R.; Maruyama, Y.; Fishburn, M.; Stoppa, D.; Richardson, J.; Walker, R.; Henderson, R.; Charbon, E. High frame-rate TCSPC-FLIM using a novel SPAD-based image sensor. In Proceedings of the SPIE 7780, Detectors and Imaging Devices: Infrared, Focal Plane, Single Photon, San Diego, CA, USA, 17 August 2010. [Google Scholar]

	



Charbon, E.; Fishburn, M.W.; Walker, R.; Henderson, R.; Niclass, C. SPAD-based sensors. In TOF Range-Imaging Cameras; Springer: New York, NY, USA, 2013; pp. 11–38. [Google Scholar]

	



Villa, F.A.; Markovic, B.; Bellisai, S.; Bronzi, D.; Tosi, A.; Zappa, F.; Tisa, S.; Durini, D.; Weyers, S.; Paschen, U.; et al. SPAD smart pixel for time-of-flight and time-correlated single-photon counting measurements. IEEE Photonics J. 2012, 4, 795–804. [Google Scholar] [CrossRef]

	



Bruschini, C.; Homulle, H.; Antolovic, I.M.; Burri, S.; Charbon, E. Single-photon avalanche diode imagers in biophotonics: Review and outlook. Light. Sci. Appl. 2019, 8, 87. [Google Scholar] [CrossRef] [PubMed]

	



Cova, S.; Ghioni, M.; Lacaita, A.L.; Samori, C.; Zappa, F. Avalanche photodiodes and quenching circuits for single-photon detection. Appl. Opt. 1996, 35, 1956–1976. [Google Scholar] [CrossRef] [PubMed]

	



Niclass, C.; Gersbach, M.; Henderson, R.; Grant, L.; Charbon, E. A single photon avalanche diode implemented in 130-nm CMOS technology. IEEE J. Sel. Top. Quantum Electron. 2007, 13, 863–869. [Google Scholar] [CrossRef]

	



Takai, I.; Matsubara, H.; Soga, M.; Ohta, M.; Ogawa, M.; Yamashita, T. Single-Photon avalanche diode with enhanced NIR-sensitivity for automotive LIDAR systems. Sensors (Switzerland) 2016, 16, 459. [Google Scholar] [CrossRef] [PubMed]

	



Murtaza, S.; Anselm, K.; Hu, C.; Nie, H.; Streetman, B.; Campbell, J. Resonant-cavity enhanced (RCE) separate absorption and multiplication (SAM) avalanche photodetector (APD). IEEE Photonics Technol. Lett. 1995, 7, 1486–1488. [Google Scholar] [CrossRef]

	



Boulanger, S.; Ingelberts, H.; Dries, T.V.D.; Gasser, A.; Kuijk, M. A novel 350 nm CMOS optical receiver based on a current-assisted photodiode detector. In Proceedings of the Silicon Photonics XIV, San Francisco, CA, USA, 4–6 February 2019; p. 51. [Google Scholar]

	



van Nieuwenhove, D.; van der Tempel, W.; Kuijk, M. Novel standard CMOS detector using majority current for guiding photo-generated electrons towards detecting junctions. In Proceedings of the Symposium IEEE/LEOS Benelux, Mons, Belgium, 1–2 December 2005; pp. 229–232. [Google Scholar]

	



Kato, Y.; Sano, T.; Moriyama, Y.; Maede, S.; Yamazaki, T.; Nose, A.; Shina, K.; Yasu, Y.; van der Tempel, W.; Ercan, A.; et al. 320 × 240 Back-Illuminated 10-μm CAPD Pixels for High-Speed Modulation Time-of-Flight {CMOS} Image Sensor. IEEE J. Solid State Circuits 2018, 53, 1071–1078. [Google Scholar] [CrossRef]

	



Ingelberts, H.; Kuijk, M. High-speed gated CMOS detector for fluorescence lifetime microscopy extending to near-infrared wavelengths. In Proceedings of the 2015 IEEE SENSORS, Busan, Korea, 1–4 November 2015; pp. 1–4. [Google Scholar]

	



Jegannathan, G.; Ingelberts, H.; Boulanger, S.; Kuijk, M. Current assisted avalanche photo diodes (CAAPDs) with separate absorption and multiplication region in conventional CMOS. Appl. Phys. Lett. 2019, 115, 132101. [Google Scholar] [CrossRef]

	



Fishburn, M. Fundamentals of CMOS Single-Photon Avalanche Diodes; Technische Universiteit Delft: Delft, The Netherlands, 2012. [Google Scholar]

	



Giudice, A.; Ghioni, M.; Cova, S.; Zappa, F. A process and deep level evaluation tool: Afterpulsing in avalanche junctions. In Proceedings of the ESSDERC’03, 33rd Conference on European Solid-State Device Research, Estoril, Portugal, 16–18 September 2003; pp. 347–350. [Google Scholar]

	



Basavanagoud, C.; Bhat, K. Effect of Lateral Curvature on the Breakdown Voltage of Planar Diodes. IEEE Electron Device Lett. 1985, 6, 276–278. [Google Scholar] [CrossRef]

	



Speeney, D.; Carey, G. Experimental study of the effect of junction curvature on breakdown voltage in Si. Solid State Electron. 1967, 10, 177–182. [Google Scholar] [CrossRef]

	



Bronzi, D.; Villa, F.A.; Tisa, S.; Tosi, A.; Zappa, F. SPAD Figures of Merit for Photon-Counting, Photon-Timing, and Imaging Applications: A Review. IEEE Sensors J. 2015, 16, 3–12. [Google Scholar] [CrossRef]

	



Villa, F.A.; Bronzi, D.; Zou, Y.; Scarcella, C.; Boso, G.; Tisa, S.; Tosi, A.; Zappa, F.; Durini, D.; Weyers, S.; et al. CMOS SPADs with up to 500 m diameter and 55% detection efficiency at 420 nm. J. Mod. Opt. 2014, 61, 102–115. [Google Scholar] [CrossRef]

	



Niclass, C.; Sergio, M.; Charbon, E. A single photon avalanche diode array fabricated in 0.35-μm CMOS and based on an event-driven readout for TCSPC experiments. In Proceedings of the SPIE 6372, Advanced Photon Counting Techniques, Boston, MA, USA, 3 November 2006. [Google Scholar]

	



Tisa, S.; Guerrieri, F.; Zappa, F. Variable-load quenching circuit for single-photon avalanche diodes. Opt. Express 2008, 16, 2232–2244. [Google Scholar] [CrossRef] [PubMed]








[image: Applsci 10 02155 g001 550] 





Figure 1. Schematic cross-section of the current-assisted single-photon avalanche diode (CASPAD) (not to scale) with the p-n junction in the middle and a current assistance “ring” to guide the photo-generated electrons towards the middle based on the additional electric field distribution. The lines with arrows represent the inverse of the drift field indicating the guiding direction for the absorbed photo-electrons. The dotted line represents the extent of the depletion region. 
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Figure 2. Dimensions of the CASPAD device. 
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Figure 3. Simulated electric field profile at the cathode-anode junction at the central multiplication area of the CASPAD at an excess bias voltage (Vex) of 2 V. 
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Figure 4. Measured IV characteristics of the detector in the dark (with anode-ring voltage of 15 V). 
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Figure 5. (a) Measured dark count rate with respect to the excess bias voltage. (b) Timing jitter full-width half-maximum (FWHM) = 370 ps (Vex = 0.86 V). (c) Measured interavalanche times to characterize afterpulsing (Vex = 0.86 V) with an exponential fit (d) Measured photon detection probability with respect to the excess bias voltage at a wavelength of 785 nm. 
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Figure 6. Photomicrograph of the CASPAD device emitting light at (a) Vex = 2.1 V and (b) Vex = 2.8 V. 
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Table 1. Performance parameters of the first generation of CASPAD compared with a few SPADs fabricated in 350 nm CMOS [19].
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	Work
	This Work
	[20]
	[21]
	[22]





	Technology
	350 nm
	350 nm
	350 nm
	350 nm



	Detection area (shape)
	40 µm (square)
	50 µm active area diameter (circular)
	10 µm active area diameter (circular)
	20 µm active area diameter (circular)



	P-N Junction type
	P+/p-epilayer/N-well
	P+/n-enrichment/High Voltage-N-well/N+
	P+/Deep N-well/N+
	P+/N-Well/N+



	Breakdown voltage
	52.4 V between cathode and anode (15 V between anode and ring)
	25 V
	-
	24 V



	Afterpulsing (Vex)
	5.7% (0.86 V)
	4.5% (5 V) with minimum hold-off time of 20 ns
	23% with minimum hold-off time of 40 ns
	22% with a hold-off time of 100 ns



	Timing jitter (Vex) [λ]
	370 ps (0.86 V) [785 nm]
	82 ps (6 V) [780 nm]
	80 ps (3.3 V) [670 nm]
	39 ps (5 V) [820 nm]



	PDP max (Vex) @785 nm
	5.74% (1.15 V)
	~10% (6 V)
	~3% (4 V)
	~8% (5 V)



	Quenching type
	Passive: 47 kΩ quench resistor
	Active
	Active, event-driven
	Variable-load quenching











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Cathode (NW)

% Anode (pt)

&

sRoENEReAEsReRaRen s K






nav.xhtml


  applsci-10-02155


  
    		
      applsci-10-02155
    


  




  





media/file2.png
> —
Vanodc (vring Vbacksxdc)

ring

anode

cathode

p- epilayer

backside





media/file5.jpg
Lateral Junction

cathode anode
| o J
NW
Electric field
(x105V/em)
Vertical
Junction|
p- epilayer
1 pm






media/file3.jpg
40 pm

>

A

BEL BN EIENEAN IR EEANOENEURNSIRIREGUERCERLEE

FERREANEAsANNENANCASA0ERRAUAEANOR AN AEAARRBE

Ring (p+)

2|

AJEEH RN ARANN GGG RORAARRANA AR EEOAARSE R A A

GRaveEBEuGYEsaReNGRGABaeREAAGEIR0RaRORERAREEE)

41 um





media/file1.jpg
v,

snode”™(V i~ Y backsise)

ring

anode

cathode

p- epilayer

p+ substrate






media/file7.jpg
Cathode current (A)

1078

10-10
10"

1012
10

20

30 40 50
Reverse bias voltage (V)

60






media/file10.png
s)

Dark count rate (cp

o

00

10°

10}

(a)
05 10 15 20
Excess bias V (V)
(c)
—— Measured
—— Fat

Interavalanche time (ys)

Counts

(b)

— A =785 nm

10
Time (ns)
(d)
5.6 -
4.6 -
3.6 -
2.6 -
—&0— A =785nm
1.6 7 T T T T
0.8 09 10 11 1.2
Excess bias Vg, (V)

1.3





media/file12.png





media/file9.jpg
Dark count rate (cps)

@) b
105 (@ i ®)
— A=785nm
100 10°
104 § 102
102 10!
10° 10°
05 10 15 0 0 20 30 40
Excess bias Ver(V) Time (ns)
10 © ()
— Measured a6
S ) 46
536
g
26
—e— A =785m
10! 16
1 2 3 4 08 09 10 11 12

Interavalanche time (jis)

Excess bias Ve(V)

13





media/file0.png





media/file8.png
Cathode current (A)

10—]0 -
10—11 i

10 12

Reverse bias voltage (V)





media/file11.jpg





media/file6.png
Lateral Junction
cathode / anode
n+ L_p+t |

NW

Electric field
(x10°V/cm)

4.39
4.06

-
Vertical
Junction

(U'S]
~J
CO= N\OWI] B~ooho

W RAONOULANCTLIIO L

OO OO = =IIINIIAILY
(8]

p- epilayer
1 pm






