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An illustration diagram of SPAD design in standard 0,13~ um CMOS.
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An illustration diagram of SPAD design in standard 0.13- pm CMOS.
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SYSTEMS AND METHODS FOR IMAGING
USING SINGLE PHOTON AVALANCHE
DIODES

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s a continuation of PCT/US12/062,716,
filed Oct. 31, 2012, which claims priority to U.S. Provisional
Patent Applications No. 61/554,311, filed Nov. 1, 2011, and
No. 61/553,709, filed Oct. 31, 2011, each of which 1s
incorporated by reference herein 1n 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This 1nvention was made with government support under
Award No. R33-HG003089 awarded by the National Insti-
tute of Health. The government has certain rights in the
invention.

BACKGROUND

Fluorescence lifetime 1maging microscopy (FLIM) 1s an
imaging technique that can utilize differences 1n the expo-
nential decay rate of fluorescence from a fluorescent sample.
A fluorophore can be excited by a photon and drop to the
ground state with a certain probability based on the decay
rates through a number of different decay pathways. The
lifetime (decay rate) of the signal can be used to create an
image, and allows for viewing of the contrast between
materials with different fluorescence decay rates and mate-
rials that fluoresce at the same wavelength. Further utilizing
two-photon microscopy can reduce the effect of photon
scattering in thick layers of a sample, which can improve
image quality. Some FLIM systems can utilize time-corre-
lated single photon counting (TCSPC) mstrumentation. Pho-
tomultiplier tubes (PMs) and discrete time-to-digital con-
verters (I'DCs) can be used to implement TCSPC. These
systems, however, can have limited speed with which FLIM
images can be acquired, can be costly, large 1n size, and
complex to implement.

Certain  complementary  metal-oxide-semiconductor
(CMOS) processes can integrate a solid-state alternative to
a PMT with timing electronics for on-chip TCSPC. These
devices can be referred to as silicon photomultipliers
(S1IPMs) or, for TCSPC, single-photon avalanche diodes
(SPADs), and can allow {for arrays of detectors with
improved frame rates through wide-field imaging. Detection
limits for SPADs can be aflected by noise, which can be 1n
the form of the device’s dark count rate (DCR). SPADs
tabricated using certain processes have achieved DCRs as
low as a few hundred Hz. However, certain SPADs in
standard CMOS technology, which can have nodes smaller
than 0.35 um, can result in 1ncreased DCR or utilize spe-
cialized processes, such as hydrogen passivation, to reduce
the DCR.

Fluorescence lifetime 1imaging microscopy (FLIM) can
also be based on the differences 1n the exponential rate of
decay of fluorescence from a sample. A fluorophore excited
by a photon can drop to the ground state with a certain
probability based on the decay rates through a number of
different decay pathways. An image can then be composed
using duration rather than intensity data of the signal.

Fluorescence lifetime can reveal changes in the local
chemical and physical environment of a fluorophore, as well
as the binding dynamics of single proteins through excited
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state 1nteractions and Forster resonance energy transier
(FRET). Certain active dyes, molecular probes and even

transgenic labeling strategies can utilize FRET to enable
real-time observation of cellular processes both 1n vitro and
in vivo. Certain metabolites, such as nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide
(FAD), can also exhibit changes in their fluorescence life-
time during protein binding, which can be correlated with
the health of the cell, with changes seen in precancerous
cells and cells undergoing apoptosis and necrosis. While
FRET can be detected using intensity-only measurements,
quantitation can be impaired by experimental factors such as
photobleaching and concentration dependent intensity fluc-
tuations. Further, fluorescence lifetime 1maging microscopy
(FLIM) can be used for biological research, and can utilize
time correlated single photon counting (TCSPC) mnstrumen-
tation. A TCSPC detector can include photomultiplier tubes
(PMTs), which can be large in size, and discrete time-to-
digital converters (IDCs). FLIM microscopy can be imple-
mented 1n a laser scanning configuration at a reduced
complexity and cost by using only one TCSPC detector
channel. However, dwell times of TCPSC channels can be
on the order of 1 ms, and as such, a 128x128 pixel image can
take over 16 seconds to acquire, which can prevent FLIM
instrumentation from 1maging real-time dynamic processes
on millisecond time scales.

Accordingly, there 1s an opportunity for improved 1mag-
ing systems.

SUMMARY

The disclosed subject matter provides techniques for
imaging samples by fluorescence lifetime 1maging micros-
copy, including by using low-noise single-photon avalanche
diodes (SPADs). In an exemplary embodiment, a SPAD can
include a p+/deep-n well diode having a shallow trench
1solation area to separate devices. A photon passing through
the depletion region of the SPAD can generate an electron-
hole pair, which can lead to an avalanche breakdown and a
corresponding reverse current spike. In one arrangement, the
SPAD can further include an octagonal photosensitive area
with a diagonal of 5 um and a p-type guard ring to prevent
edge breakdown.

The disclosed subject matter also provides methods of
forming a single photon avalanche diode (SPAD). In an
exemplary embodiment, a method includes limiting the
presence ol shallow trench 1solation (STI) around a multi-
plication region defining a p+ implant region using a first
mask layer, blocking an n+ implant using a second mask
layer; and generating a p-type guard ring using a third mask
layer. In some arrangements, the p-type guard ring can be
configured to mhibit edge breakdown.

According to another exemplary embodiment, a method
for operating a SPAD 1ncludes biasing the SPAD beyond 1ts
breakdown voltage (V, ) by an overvoltage (V_ ) without
drawing current until a free carrier 1n the multiplication
region triggers an avalanche. A higher V__ can produce an
avalanche, and can thus increase sensitivity of the SPAD.

In some embodiments, multiple SPADs can be arranged 1n
an array to create an 1maging apparatus. Each SPAD 1n the
apparatus can be connected 1n series with a quenching and
resetting circuit. An active quenching circuit can reduce the
voltage across the SPAD after an avalanche 1s triggered,
which can minimize or halt the avalanche current. Thus, the
current can be halted or minimized, and an active resetting
circuit can digitally shorten the time between the triggering
of an avalanche and the time when a new photon can be
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detected. Quenching can also reduce the incidence of after-
pulsing—a noise event that can be caused by charges that do
not clear the multiplication region before the diode 1s reset.

In some embodiments, the 1maging apparatus can include
multiple SPADs arranged 1n an array of pixels and coupled
with a delay-locked loop-based time-to-digital converter
(TDC). Each pixel can have an independent TDC and can
thus detect a photon and record an arrival time during each
FLIM measurement. Data obtained in this manner can be
processed to generate an 1mage.

The disclosed subject matter also provides for wide-field
microscopy instruments. In an exemplary embodiment, an
instrument can include an 1maging apparatus of the type
described herein. The 1maging apparatus can be integrated
on a printed circuit board coupled with a custom-made
C-mount adapter. The instrument can provide for acquisition
of 1mages at improved rates as the number of beams scan-
ning the tissue can be increased, which can allow for
accumulation of tfluorescence decay data for many pixels 1n
parallel, and can thus produce 1images at the frame rate of the
camera. Additionally, the 1imaging apparatus can be used 1n
conjunction with a single laser beam expanded to cover a
wide area of the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a 1s a diagram of an exemplary SPAD according to
the disclosed subject matter

FIG. 15 1s a diagram of an exemplary SPAD according to
the disclosed subject matter.

FIG. 1c¢ 1s a micrograph of an exemplary SPAD according
to the disclosed subject matter.

FIG. 2 1s a diagram of an exemplary CMOS imaging
apparatus according to the disclosed subject matter.

FI1G. 3a 1s a micrograph of an exemplary SPAD according
to the disclosed subject matter.

FIG. 35 1s a diagram 1llustrating certain characteristics of
the SPAD of FIG. 1.

FIG. 3¢ 1s a diagram 1llustrating certain characteristics of
the SPAD of FIG. 1.

FI1G. 3d 1s a diagram 1illustrating certain characteristics of
the SPAD of FIG. 1.

FIG. 4 1s a diagram illustrating certain features of the
SPAD of FIG. 1.

FIG. 5 1s a diagram 1llustrating certain characteristics of
the SPAD of FIG. 1.

FIG. 6 1s a diagram further 1llustrating certain character-
istics of the SPAD of FIG. 1.

FIG. 7 1s a diagram illustrating certain functions of
exemplary TCSPC technology.

FIG. 8 1s a diagram 1illustrating certain characteristics of
the SPAD of FIG. 1

FIG. 9 1s a photograph depicting an exemplary imaging,
apparatus according to the disclosed subject matter.

FIG. 10 1s a diagram 1llustrating an exemplary imaging
apparatus according to the disclosed subject matter

FIG. 11 1s a diagram further illustrating an exemplary
imaging apparatus according to the disclosed subject matter.

FIG. 12 1s a diagram illustrating certain features of an
exemplary imaging apparatus according to the disclosed
subject matter.

DETAILED DESCRIPTION

The disclosed subject matter provides systems and meth-
ods for single photon avalanche diodes (SPADs). The dis-
closed subject matter can be used, for example, for an
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imaging apparatus utilizing one or more SPADs as disclosed
herein. Additionally, the disclosed subject matter can be
used for a variety of applications, for example and without
limitation, wide-field microscopy, laser scanning micros-
copy, and/or endoscopy.

FIG. 1a shows a diagram 1llustrating an exemplary SPAD
101 according to the disclosed subject matter. A central p+
area 100 can be disposed adjacent to a deep-n well area 102,
with a p-type guard ring 104 disposed between the p+ area

100 and the deep-n well 102, and a shallow trench 1solation
106 (STI) separated from the central p+ area 100. FIG. 15

shows a completed, fabricated SPAD 101 which can have a
photosensitive area 108. The photosensitive area 108, as
embodied herein, can have an octagonal shape. Additionally
or alternatively, the photosensitive areca 108 can have a
substantially round shape to avoid high electric fields at the
corners, and thus prevent edge breakdown. An example of

the fabricated SPAD 101 1s shown in micrograph in FIG. 1c.

The SPAD 101 can be manufactured to allow for a low
defect density, for example using Local Oxidation of Silicon
(LOCOS) for field oxide growth, which can produce a
higher quality S1/510 1nterface compared to SPADs manu-
factured using shallow trench 1solation (STI). Additionally,
implants can allow for the inclusion of a p-type guard ring
104 around the sensor junction, which can prevent edge
breakdown, and which can be utilized 1n addition to or 1n
place of STT interfaces 1n the vicinity of the sensor junction.

FIG. 1a illustrates design masks that can be used to
manufacture the SPAD 101. These masks can include, for
example and without limitation, an active layer mask 110
(RX) that can define the location of the multiplication
region, and can limit the presence of shallow trench 1solation
106 (ST1) around the multiplication region. A BN layer mask
112 can be used to define the p+ implant region, and a BP
layer mask 114 can be used to block the n+ implants. A PI
layer mask 116 can be used to generate a p-type guard ring
104 to prevent edge breakdown. As embodied herein, the
SPAD can be configured, for example, to have a reverse bias
breakdown voltage of —12.13 V and a multiplication region
with a width of 115 nm at this bias voltage. However,
alternative fabrication processes can be utilized and can
produce different values.

FIG. 2 1llustrates an 1imaging apparatus 200 including the
SPAD 101, embodied for example, and without limitation, 1n
an array ol pixels 202, with each pixel coupled to an
independent time-to-digital converter (TDC) 204. Each
TDC 204 can have a range and resolution configured for a
particular application. For example and without limitation,
biological fluorophores can have a range of 64 ns and a
timing precision of 60 ps. As a photon enters the photosen-
sitive area 108, 1t can trigger a so-called avalanche, causing
a current to tlow through the SPAD 101. In addition, each
pixel can further be coupled to a quenching and resetting
circuit 206 that can stop the avalanche and reset the SPAD
101, which can reduce noise and afterpulsing events. The
TDC 204 can record the arrival time of the photon, and the
datapath 208 can transmit the recorded arrival times for all
activated pixels to the periphery, where they can be trans-
mitted ofl chip over a Low-voltage diflerential signaling
(LVDS) bus 210. A custom processor, for example and
without limitation a programmable chip or an application-
specific integrated circuit (ASIC), can perform an initial
binning and/or histogramming operation on the photon
arrival times, which can reduce the amount of data trans-
mitted to a viewing computer using a high-speed PCle
interface.
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The disclosed subject matter can provide 1imaging appa-
ratus 200 with frame rates of 1 kHz or more with data
compression techniques allowing data transier rates of more
than 40 Gbps, as described in more detail below. Certain
maximum-likelithood-estimation techniques that can utilize
parallelization, for example and without limitation matrix
mathematics and fast iterative solvers, which can be assisted
by on-chip hardware, can improve performance of the
imaging apparatus 200.

In one embodiment, the SPAD 101 can be operated to
perform photon counting 1 Geiger mode, that 1s biased
beyond its breakdown voltage (V, ) by an overvoltage (V _ ).
Geiger mode operation can include a quenching circuit,
which can be a resistor in series with the diode. An ava-
lanche can be triggered, and a current can flow through the
resistor to cause a voltage drop. The voltage across the diode
can thus rise above Vbr, which can halt the current, and the
associated RC time constant can return to a reverse bias of
(Vbr-Vov) to define a dead time for the SPAD. For example
and without limitation, as embodied herein, a quenching
resistance of 423 k€2 up to about 1 M€2, can be used to yield
avalanche current levels of 2.36 pA and a deadtime of 15 us
with Vov of 1.0 V. The quenching circuit can reduce the
occurrence of afterpulsing, a noise event that can be caused
by charges that do not clear the multiplication region before
the SPAD 1s reset and retriggered. In some embodiments, a
variable resistance, which can be implemented as a Positive-
channel Field Effect Transistor (PFET), can tune the quench-
ing resistance, and the active reset circuitry can reduce the
RC time constant during the reset phase by switching a low
resistance path in parallel with the quenching resistance.

For example and without limitation, and as embodied
herein, the SPAD can have an exemplary photon detection
probability of approximately 20%-29%, a dark count rate
(DCR) of about 231 Hz-1 kHz and an impulse response of
about 198 ps-250 ps.

Certain circuit capabilities can be used to provide a pixel
capable of collecting multiple single-photon events per laser
pulse, which can allow for accurate determination of the
lifetime of a fluorophore 1n fewer laser repetitions and can
allow for improved intensity excitation and image acquisi-
tion times while reducing pulse pileup. A masked maximum
likelihood estimator (MLE) can allow for reconstruction of
the exponential decay of a fluorophore by accounting for the
deadtime of the detector. The log-likelihood formula for a
standard Poisson point process can be represented as:

T (1)
L) = Z nlog(d,) — A,dr
=0

where n can represent the set of all observed data and A can
represent a parameter vector for the function that 1s most
likely to produce the observations. Both a recorded photon
event and the absence of such an event can contribute
information to the estimator. However, due at least 1n part to
the finite deadtime of the SPAD circuitry, there can be short
periods of time following a photon event for which the
arrival of a photon cannot be determined. As such, the data
in n can be masked such that data during the deadtime of the
detector 1s not considered, and the log-likelithood estimator

can be represented as:

T (2)
L) = Z M, [n,log(d,) — A,di]
=0
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where Mt can represent the mask. In order to design eflicient
circuits around the MLE processing technique, the log-
likelihood equation can be further modified to:

T 3)
L) = ) [log®,)E; — 6, Fdi]
t=1

In this form, E and can represent histograms of the
masked photon events. E can represent a histogram of the
arrival times of the photons, and F can represent a histogram
of the unmasked time intervals. These two vectors can be
recorded on-chip, through a set of counters, or off-chip,

using a programmable chip, for example and without limi-
tation, a Field Programmable Gate Array (FPGA) or an
application-specific integrated circuit.

In addition to allowing for higher frame rate 1maging with
more 1ntense excitation sources, the MLE technique
described herein can reduce the data bandwidth utilized for
FLIM. As an example, a 128x128 array with event-driven
recording, 16-bit timing resolution (thermometer code, 4-bit
encoded), six-bit coarse timing resolution (total of 24 bits/
pixel/event), and the frame rate from simulation of up to 333
frames per second (150,000 repetitions/frame, 1% hit rate)
can generate 19.6 Gbps. At a similar frame rate and array
s1ize, the MLE histogram techmique can reduce the data
generation to 11.6 Gbps or less. At a target frame rate of
1000 1ps n MLE mode, a data rate of 35 Gbps can be
supported with a 128-bit parallel channel, with each channel
operating at less than 300 Mbps. In this manner, the MLE
method can reduce the bandwidth requirement of the system
and 1mprove functionality.

FIG. 3(b) shows a graph of the dark count rate (DCR) as
a Tunction of the overvoltage (Vov) at room temperature, for

a SPAD according to the disclosed subject matter. For a Vov
01 0.25V, the DCR 1s 6 Hz, increasing to only 231 Hz at 1.50

V. The DCR has the functional form AOeVov/Vo+Bo, where
A0=3.06 s-1, B0=0.217 s-1, and Vov=0.347 V, for our
device at room temperature. In FIG. 3(c¢), the photon detec-
tion probability (PDP) of this same device 1s shown as a
function of photon wavelength for ditferent values of Vov.
The PDP peaks at 425 nm at just below 30% at a Vov of 1.50
V. While this peak 1s at a shorter wavelength than SPADs
reported 1n other technologies, this can be explained by the
shallow junction depths (~300 nm) that result from using the
p+ mask for a PFET source and drain implant. In FIG. 2(d),
we show the PDP as a function of Vov which has the
functional form A.,e”®”"°+B_, with p=0.759, A0=23.8
V-0.759 and Vc=0.156 V.

To further illustrate the performance of SPAD devices,
and for purpose of comparison, an exemplary FLIM appli-
cation 1 which a pulsed laser excites an ensemble of
fluorophores with a monoexponential lifetime can be exam-
ined. The tfluorescence emission from a single fluorophore as
a nonhomogenecous Poisson point process can also be
described. The PDP can be considered to be substantially
constant 1 time, and the DCR can be represented as a
Poisson process with a rate constant given by the experi-
mentally measured DCR. The afterpulsing probability can
be considered to be negligible, and the detector electronics
arc can quench and reset the device 1n time for the next laser
repetition. Three characteristic probabilities for the SPAD
device can be determined: the probability of detecting an
actual photon arrival, the probability of recording a miss
when no photons are incident on the device, and the prob-
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