Environmental Effects on Photomultiplication Propagation in Silicon

Matthew W. Fishburn and Edoardo Charbon
Delft University of Technology, Mekelweg 4, 2628 CD Delftettherlands
phone: +31-15-278-3667, fax: +31-15-278-6190, email: .fishburn@tudelft.nl

Within the past decade, there has been a growing intereatliitmodality systems utilizing both position emissiomtography
(PET) and magnetic resonance imaging (MRI) techniquesflijch of this interest is focused on small animal imaging hwite
soft-tissue contrast of MRl compensating for the poor @sttin PET[2]. However, due to the magnitude of magneticdieitierent
in small animal MRI systems, sensor imperviousness to gtroagnetic fields is critical. To overcome this constraingiger-
mode avalanche photodiodes (GAPDs, also known as singiplavalanche diodes or SPADs), which have been shown to be
nearly impervious to magnetic fields as strong as 7T, aregfteposed in PET-MRI systems[3]. While the timing charasties
of GAPDs under strong magnetic fields have been studied, #uynatic field's effect on avalanche propagation itself hatsbeen
examined in great detail. Understanding this relationghguitical to predicting at what magnetic field strengthtalitons to timing
jitter may be seen, and also in understanding the relatiprimiween the diode geometry, magnetic field, and obseitted |

In this work we present measurements of the distortionsataache propagation under various magnetic fields and terypes,
observed with the use of position-sensitive GAPDs. Diotlas are long and thin have different avalanche quench tirapsriding
on the avalanche seed location, an effect caused by thenat@l@ropagating across the diode geometry, and sampérgugmching
waveform’s rise time allows an estimation of the avalanatopagation speed[4]. Additionally, characterizatiorutesfrom a short-
range, 18ps time-to-digital converter (TDC) in a strong netiy field are presented.

On a CMOS chip, pill-shaped GAPDs with 6x24fibodies capped by two semi-circles of diameter 6um, whicle laayeometry
suitable for observation of differing quench times depegdin the avalanche seed position, are coupled to an 18pse¥eelay-
line TDC via two comparators. The pill-shaped diodes areegitompletely open, completely covered, covered excem #um
opening in the diode’s middle, or covered except for a 2pumiygeon the edge of the diode’s major axis. Use of these cogsri
confirmed that, due to the finite propagation speed, the msh&quench time varies as a function of the seed positisu iAtluded
on the chip are circular GAPDs with a 12um diameter. Biasaiigallow compensation for TDC resolution changes from @sec
voltage and temperature variations. The CMOS chip is asleehtm a daughterboard with a commercial, 60ps TDC for a tifine-
flight (TOF) measurement using a pulsed laser. A readouesybased on a field-programmable gate array (FPGA) intesfiee
chip to a computer workstation. A simplified diagram of theteyn is shown in Fig. 1.

A TDC density test[5] using a periodic stop input from the P&hd a start signal from the dark counts of a GAPD was used to
measure the on-chip TDC's resolution, differential noadirity, and integral nonlinearity. An external bias sigwak used to trim
the TDC for measurements at different temperatures, bukegtsconstant during measurements with a varying magnete: fThe
TDC's resolution shows a statistically insignificant diface of 0.4ps between being under either®1T or a 9.4T magnetic field.
The commercial TDC compensates for distortions on-chipgisieasurements of an external clock signal; no signifiesdlation
variation under a strong magnetic field was observed fromTBIC following its internal compensation.

During all measurements, the breakdown voltagg Was determined by keeping the low comparator at a consteesttbld
and increasing the voltage applied to the GAPD until pulggeared at the thresholder’s outpui,gVs this applied voltage minus
the threshold voltage. At room temperature, the breakdasitage of the pill-shaped GAPDs was measured to be within\20im
18.6V under a 9.4T field and<a0.1T field. Over a range of temperatures from°Q@o 50 C, the breakdown voltage varied linearly
with a ratio of+-20mV per°C. All GAPD measurements with a specific excess bigsave compensated for changes igyV

At an excess bias of 2.4V, a one second acquisition of thespdped GAPD's dark count rate (DCR) was 680Hz while under a
magnetic field 0k 0.1T and 660Hz while under a 9.4T field. The DCR shift was ratistically significant given the inherent shot
noise in the measurement. The DCR was observed to doubledor mcrease of roughly 2C ranging from -20C to 50°C.

When measuring the rise time of a diode’s quenchgdf 2.4V, a low threshold of 0.12V (5% of &), and a high threshold
of 2.0V (roughly 85% of \4,) were used. The rise time of the diode’s quenching wavefstmwn for differing magnetic fields
in Fig. 4(b), has no significant difference at either of theted magnetic field orientations. This is evidence that traaache
propagation speed is the same under@1T or a 9.4T field. However, the rise time does vary by 60pddmperatures between
-50°C and 50C, as shown in Fig. 4(c). The rise time variation still inaksdhe variation due to the comparators, as that effect tanno
be analyzed separately in this design. Simulations imp$nthriation is<10ps between -5€ and 50C.

Using a 34ps, 405nm, pulsed laser, a 12um GAPD's jitter wgsieed in different environments. An optical fiber and migo
were used to guide the laser beam into and within a temperahamber or an MRI chamber. The laser was attenuated such tha
a pulse triggered an avalanche with probabitty%. A Vep of 2.4V and a threshold of 0.12V were used during the experime
The resulting jitter, shown in Fig. 3, has a FWHM value of 14#pa <0.1T field and 152ps in a 9.4T field. The increase is not
significant given that the data is uncompensated for the SIDTIL.

Overall, measurements imply that avalanche propagati@n lmore sensitive to changes in temperature than changesgnetic
field. Despite the Lorentz force exerted on the avalanchiecaiby a 9.4T field, no effect on propagation speed was wbder
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Figure 1:Experimental setup
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Figure 2: Chip micrograph with enlarged pixels (devices are

highlighted in red)

Property Value
A Vg Of pill-shaped GAPD 18.6V
o | Vpgof 12um GAPD 18.3V
g Vg temp. dependence +20mV per°C

Dark count rate <1kHz
& | Resolution a0.1T/9.4T 18.0ps/18.4ps
E 20 resolution error ak0.1T/9.4T 0.1ps/0.5pg
‘o | DNL std. dev. 0.3LSB
5 | worst|DNL| <1.1LSB
< | worst|[INL] <2.0LSB
© TDC jitter <5ps

Table 1:Summary table — all results are at room temperature

Count

Figure 3: GAPD jitter dependence on environment— shown

der different magnetic fields. Delay measurements (x-ddsg

10* f
10° ]

10? E

—941 |l
— <0.1T |’

Time (ns)

been normalized so the peaks overlap.

= Trigger
E Location
@) —CCE D
2 0 el E—
N — OO
= 200k [ T
: /\A
s
“ 0
0 100 200 300 400 500 600 700
Compensated Rise Time (ps)
(a) Position sensitivity
200 [
<0.1T
=
g2 0
I —
A >
Té 0 | | L
S | I I I I I l ]
Z 200 94T
O | |
0 100 200 300 400 500 600 700
Compensated Rise Time (ps)
(b) B-field dependence
200k F T T T T T T ]
A 50°C
0 [ | I 4 |
2001( N I I I I I I ]
= ! ! ! !
Q 0
@) » T T T T T T ]
2 200k )
e N
< Il Il L
g ZOOg N I I I I I I ]
i /\A —»c
0 L Il L L
200k F T T T T T T ]
—50°C
0 I j\—ﬁé\\ I I
0 100 200 300 400 500 600 700

Compensated Rise Time (ps)

(c) Temperature

Figure 4: Quench times— (a) shows how the sampled rise
time of the quench waveform varies in a long but thin diode
for predominantly center-seeded avalanches and edgedeed
avalanches compared to avalanches caused by dark counts. Re
covering the rise time of center-seeded avalanches usindish
tribution in the dark, (b) and (c) show how the quench time de-
pends on environmental conditions. The 18ps TDC measueed th
quench time while the diodes had the following operating-con
ditions: Vgp of 2.4V, low threshold of 0.12V, and high thresh-
are jitter measurements of a circular, planar, 12um GAPD wid of 2.0V. Both the x- and y-axis are compensated for non-
uniformities in the TDCs’ DNLs, and the x-axis has been shift

to align the peak from avalanches caused by dark counts.



