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A low-noise, single-photon avalanche diode in standard 0.13 um
complementary metal-oxide-semiconductor process
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We present the design and characterization of a single-photon avalanche diode (SPAD) fabricated
with a standard 0.13 wm complementary metal-oxide-semiconductor process. We have developed
a figure of merit for SPADs when these detectors are employed in high frame-rate fluorescent
lifetime imaging microscopy, which allows us to specify an optimal bias point for the diode and
compare our diode with other published devices. At its optimum bias point at room temperature, our
SPAD achieves a photon detection probability of 29% while exhibiting a dark count rate of only 231
Hz and an impulse response of 198 ps. © 2010 American Institute of Physics.

[doi:10.1063/1.3518473]

Fluorescent dyes have become essential markers for ob-
serving and quantifying biological processes. Traditionally,
fluorescence microscopy has been performed using spec-
trally discriminated intensity measurements. Recently, fluo-
rescence lifetime imaging microscopy (FLIM), which mea-
sures the rate of decay of fluorophore emission after a pulsed
excitation, has become a new imaging modality,' exploiting
the sensitivity of a dye’s lifetime to chemical and physical
environment, including the proximity of secondary dyes
through fluorescence resonance energy transfer.” The most
common sensors in FLIM are the photomultiplier tube or
discrete single-photon avalanche diodes (SPADs). These de-
vices are used in a time-correlated single-photon counting
(TCSPC) mode in which arrival time histograms are re-
corded through time-to-digital conversion of photon-
activated pulses from the detectors. Recently, there has been
work to integrate SPADs into a complementary metal-oxide
semiconductor (CMOS) processing to create arrays of detec-
tors that would allow for higher frame rates with wide-field
imaging.‘g_7

SPAD detection limits are determined by noise in the
form of the device’s dark count rate (DCR). DCR is domi-
nated by avalanche events that are triggered by the thermal
generation of carriers from recombination-generation (RG)
centers within a diffusion length of the multiplication region
of the SPAD. SPADs fabricated in high-voltage processes
with local-oxidation-of-silicon-based (LOCOS-based) isola-
tion have achieved DCRs as low as a few hundred hertz.*®
At technology nodes below 0.35 wm, the shallow trench iso-
lation (STT) that is used to separate devices creates a rela-
tively defect-rich interface and a significant source of RG
traps. SPAD designs in which the STI impinges the detector
junction have high DCRs.”'” This can be mitigated some-
what by hydrogen passivation, as is done to reduce dark
current in imager processes.

In our design, we instead isolate the STI from the junc-
tion while maintaining the desired structure for a SPAD. We
accomplish this without any process modifications, carefully
repurposing design layers of an established process. The pri-
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mary design masks used to create our device are drawn in
Fig. 1(a). Our designed SPAD is illustrated in Fig. 1(b) along
with a process simulation using Synopsys’ Sentaurus in Fig.
1(c). The active layer (RX) limits the presence of STI around
the multiplication region. Because typical field-effect transis-
tor (FET) devices define the active area to be a source, drain,
or gate, it is necessary to use the BN and BP layers to control
the n+ and p+ implants. BN defines the p+ implant region
and BP blocks the n+ implants. The PI layer, used to define
a triple well for isolated p-type FETs, instead has been used
here to generate a p-type guard ring that prevents edge break-
down. The fabricated device has an octagonal photosensitive
area with a diagonal of 5 wum. The measured reverse bias
breakdown voltage (V) is —12.13 V and the multiplication
region has a simulated width of 115 nm at this bias. A mi-
crograph of the fabricated device structure is shown in
Fig. 2(a).

For photon counting, the diode is operated in Geiger
mode, biased beyond Vi, by an overvoltage, V,,, but drawing
no current until a free carrier in the multiplication region
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FIG. 1. (Color online) (a) Illustration of the designed mask layers used to
make our SPAD. (b) Illustration of the expected pn diode after fabrication.
(c) Process simulation results showing the expected diode structure that was
fabricated. The multiplication region is the top P*—N junction in the center
of the device.

© 2010 American Institute of Physics
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FIG. 2. (Color online) (a) Micrograph of fabricated SPAD structure. (b) A
plot of the DCR as a function of V,,. (c) The PDP for the SPAD over the
range of visible wavelengths. The PDP measurements were made using a
xenon arc lamp, CM110 monochromator, and a 2 in. integrating sphere. The
events were recorded using the Agilent 53132A and the incident power was
measured using a Thorlabs PM130D energy meter. (d) Plot of PDP as a
function of V,,.

triggers an avalanche. This mode of operation requires a
quenching circuit, the simplest form of which is a resistor in
series with the diode.> When an avalanche is triggered, a
current flows through the resistor causing a voltage drop,
which leads to the voltage across the diode rising above Vi,
halting the current; the associated RC time constant to return
to a reverse bias of (V,,—V,,) defines the deadtime for the
SPAD. In this work, a quenching resistance of 423 k() is
employed yielding maximum avalanche current levels of
2.36 unA and a deadtime of 15 us with V,, of 1.0 V. With
this quenching circuit, the probability of afterpulsing—a
noise event caused by charges that do not clear the multipli-
cation region before the SPAD is reset and retriggers the
device—is negligible.

In Fig. 2(b), we present a plot of DCR as a function of
V,, at room temperature. For a V,, of 0.25 V, the DCR is 6
Hz, increasing to only 231 Hz at 1.50 V. The DCR has the
functional form Age'vVo+B, where A,=3.06 s™!, B,
=0.217 s7', and Vy=0.347 V, for our device at room tem-
perature. In Fig. 2(c), we plot the photon detection probabil-
ity (PDP) of this same device as a function of photon wave-
length for different values of V,. The PDP peaks at 425 nm
at just below 30% at a V, of 1.50 V. While this peak is at a
shorter wavelength than SPADs reported in other technolo-
gies, this can be explained by the shallow junction depths

FOM =141+

Appl. Phys. Lett. 97, 211111 (2010)

T
——a=6.00x10"
0.30 1 ——a=3.33x10" i
——a=3.33x10"
0.25 .
:‘GE)
S 0.0 .
=
[s}
Q0154 |
3
ko)
L 0.0+ §
0.05 -/./‘X\ 4
0.00 . ; ; T
0.0 0.5 1.0 15 2.0 25

v, ()

FIG. 3. (Color online) FOM for our device as a function of V,, using the
fitted functions in Fig. 2 for different fluorescence intensities. As u de-
creases, the optimal bias point shifts to favor a low dark count. The data
points are our measured values and the X’s indicate the optimum bias point
for our device.

(~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 V,, which has the functional form Ag|V,,—V.[?,
with p=0.759, Ay=23.8 V™07 and V,=0.156 V.

To establish a metric by which SPAD devices can be
compared and optimized at a given set of experimental con-
ditions, we consider the case of a FLIM application in which
a pulsed laser excites an ensemble of fluorophores with a
monoexponential lifetime, 7. Following some simulation-
based models,13 we describe the fluorescence emission from
a single fluorophore as a nonhomogeneous Poisson point
process. We considered the PDP as constant in time and the
DCR as a Poisson process with a rate constant given by the
experimentally measured DCR. We assume that the after-
pulsing probability is negligible and that the detector elec-
tronics are able to quench and reset the device in time for the
next laser repetition and are not a limiting factor. We then
compute three characteristic probabilities for the device: the
probability of detecting an actual photon arrival, the prob-
ability of recording a miss when no photons are incident on
the device, and the probability that a photon triggered an
event given that an event has occurred. We define a figure of
merit (FOM)' as the product of these three probabilities,
which selects the device with the highest probability of prop-
erly recording photon events while avoiding noise events,

FOM = P(detecting a hit | = 1 photon arrives)
X P(detecting a miss | 0 photons arrive)
X P(photon hit | event occurred). (1)

These probabilities can be determined analytically, consistent
with the assumptions above, to yield

exp[— (DCR - T+ u)] — exp[- (DCR - T + u - PDP)]

1 —exp(- w)

exp(=DCR - T)

[1 —exp(— p)] - exp(— p - PDP) X {1 —exp[— - (1 -PDP)]}

2)

[1-exp(—u)]—exp(— u-PDP) X {l —exp[— u- (1 —=PDP)]} +[1 —exp(-DCR - T)]
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FIG. 4. (Color online) A comparison of the results of this work to other
published results at both STI and LOCOS technology nodes based on our
FOM. The appropriate reference is noted.

In this expression, T is the time window over which counts
are recorded, limited by the period of laser repetition, and u
is the integrated photon count over T (as determined by the
intensity of the fluorescence being detected). In the limit that
m<<1 and DCR-T< 1, this becomes

w- PDP )
w-PDP+DCR-T)

FOM =PDP- ( (3)
If we write the incident photon rate as being determined
by the monoexponential fluorescence decay, then
u=A-a-1-(1—e77'"), where a is the maximum incident pho-
ton flux and A is the SPAD device area. For T/ 7> 1, this
becomes u=A-a- .

In Fig. 3, we plot the FOM as a function of V, for
our device for @=3.33X1078, 3.33x 1077, and 6.00
X107 um=2s~! with T=20 ns and 7=3 ns, which are rep-
resentative of typical FLIM experiments. We have high-
lighted the optimum bias point, determined by the maximum
FOM for each curve. To compare our device with other pub-
lished results, we take the PDP and DCR for our device at
the optimal V,, for a=6.00X 107 um=2s7! in Fig. 3 of 1.5
V. Using the same representative 7 and 7 values, this value of
a is the largest that can be used while assuring that no device
in the comparison has a w-PDP product that results in a
photon being detected in more than 1% of measurement win-
dows, consistent with limiting pulse pile-up.15 For other pub-
lished results, we use the PDP and DCR given at the bias
point chosen by the authors in reporting their
results,”* 12117 which may not be optimal for maximizing
the FOM, but, nonetheless, forms a basis for comparison. In
Fig. 4, we present the results of this analysis, which shows
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that devices in LOCOS technology nodes are capable of out-
performing the STI based devices due to their lower DCRs,
but that our device is one of the best performing designs in
0.13 um technology.

In order to utilize our device in an application that re-
quires precise timing, it must have a narrow impulse re-
sponse. We measure the impulse response by exciting the
SPAD with a 408 nm laser having a 45 ps full width at half
maximum (FWHM) pulse and histogramming the resulting
detector response with a Tektronix TDS7404 oscilloscope.
The impulse response of the entire measurement system in-
cluding the oscilloscope, laser, and SPAD is 198 ps FWHM.

In this work, we present a sensitive low-noise SPAD
designed in a 0.13 um CMOS process without modifica-
tions. This device creates the opportunity to pair a low-noise,
highly sensitive SPAD with compact and fast timing circuits
that will lead to more compact array-based imagers with
short TCSPC image acquisition times. In addition, we have
provided a framework with which the device’s proper bias
point can be established and SPADs from different fabrica-
tion processes can be compared.
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