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Single-Photon Avalanche Diodes in 90nm
CMOS imaging technology with sub-1Hz
Median Dark Count Rate

Eric A. G. Webster, Justin A. Richardson, LindsayGkant, Robert K. Henderson

Abstract—A family of Single-Photon Avalanche Diodes
(SPADs) is reported in 90nm CMOS imaging technology
with active diameters of 8, 4 and 2um. An imagingpecific
low doped p-well is used to create a junction with relatively
high breakdown voltage €17.5V) to reduce tunnelling and
lower the DCR. The devices achieve: a peak photontdetion
efficiency of=33% at 450nm and a spectral response compa-
rable to 130nm SPADs; improving median DCR as theid
ameter is reduced of 132, 5, and 0.8Hz, respectiyeht room
temperature; improving timing jitters of =130, =92, and
=78ps FWHM, respectively; and a relatively low after
pulsing of =3.725% for the 4um device.

A

ing new capabilities in low light level, time colaed
imaging. Large format SPAD sensors for fluorescen
lifetime imaging (FLIM), positron emission tomogtap
(PET) [1] and 3D cameras [2] are beginning to amale
commercially-available systems based on sensitha@
multiplier tubes (PMTs) or charge coupled devicE€QJ
sensors. Further advances in the resolution arglitiséty
of these SPAD imagers, demand scaled detectordawvith
median dark count rate (DCR), low pixel defectivityd
high photon detection efficiency (PDE). The useadf
vanced nano-scale CMOS processes is mandatorgén o
to shrink pixel pitch and provide high speed preoes

I. INTRODUCTION

RRAYS of Single-Photon Avalanche Diodes (SPADs
with on-chip CMOS readout electronics are provid-

others in 0.35um [2] and 0.18um [3] processes. How
ever, this SPAD constructiomas found to be no longer
successful at the 130nm node [7] due to high naises
which were dominated by band-to-band tunnellingn- |
deed, a similar SPAD structure implemented in 90nm
technology yielded hundreds of kilohertz DCR at low
excess bias [5], indicating the unsuitability ofA&Pcon-
structions based ont+/p+ implants. The high noise evi-
dent at nanometre nodes is due to the increasingece
tration of the source/drain implants required tointzn
MOSFET performance as transistor geometry is shrunk
The increased implant dose lowers the breakdowtagel

of SPADs made from this junction, and corresponiging
reduces the junction width, leading to an exporaéti-
)crease in band-to-band tunnelling.

The high noise rates resulting from SPADs based on
Cn+/p+ implants therefore led to the development of a
EPAD with the multiplication junction based on tbever
doped well implants in 130nm CMOS with a guard ring
formed by preventingp-well formation [8]. This new
structure successfully raised the breakdown voliage
reduced the dark count rate.

In this paper we present a family of SPADs imple-
mented in a 90nm CMOS image sensor technology which
achieve the lowest median DCR yet reported. This lo
noise is achieved by building on the improved panfo
"ance realised fronp-well-based SPADs at 130nm. We
demonstrate that the resulting devices are easdjed

electronics. As a result, a numbe.r of SPAD str@sur from 8—2um in diameter with improving DCR, jittench
have recently been demonstrated in 0.18um, 130rim ajjeld properties making them highly suited to fetunigh

90nm CMOS process generations [3-5].

resolution single photon sensor arrays.

The main challenge of scaling SPADs into nanoescal

CMOS processes is in choosing an appropriate rlialip
tion junction and guard ring. The traditiorat-n-well

SPAD junction with gp-well guard ring was first imple-
mented by Rochas [6] at the 0.8um node, and foliolme
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The SPAD structures, passive quench components, and
read-out electronics are fully integrated in STM#lec-
tronics’s 90nm CMOS imaging technology. The imple-
mented devices are of identical construction td tlea
ported in [8]. The anode is formed with an imaging-
specific low dopedp-well available for formation of
pinned-photodiodes with @+ contact implant on top. The
guard ring is formed by inhibiting the normal prdaee of
implanting eitherp-well or n-well above deepn-well
(DNW) by use of an implant stop layer. A ‘virtugjuard
ring structure is created where the graded dopiofjl@
of the retrograde deapwell cathode implant encourages
breakdown in the central active region rather thathe
device periphery. STl is spaced from the edge-ofll

DEVICE STRUCTURE
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Fig. 2.2um, 4um and 8um diameter device microéraphg (left t
right). The SPAD test circuit (Fig. 3) is visibleabove each device.
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Fig. 3. SPAD test circuit which enables IV characterisation as
well as passive quench Geig-mode operation.
by drawing a poly thin-oxide spacer ring coincideiith
the p-well block. A cross-section of the SPAD is illus-
trated in Fig. 1

The different SPAD diameters are drawn whilst main:
taining constanp-well to STI guard ring spacing of 1um
and are illustrated in device micrographs of then8gum
and 2um structures shown in Fig. 2. A passive duen
PMOS transistor and readout buffer circuit aregra¢ed
on chip next to each SPAD. This circuit enablésdnd 850 400 450 500 550 600 650 700 750 800 850 900 950 10001050

Geiger-mode characterisation of each device anltliss el )
trated in Fig 3 Fig. 5. Photon detetion efficiency of the 8um device operating i

Geiger-mode at 1.2V excess bias (18.7V) and 150ns deade
The PDE of [8], a 130nm CMOS SPAD, measured at theame
Il. RESULTS time is plotted for comparison.

The I-V characteristics of typical 2, 4 and 8umides tween the two process nodes which is consisteit aift
are plotted in Fig. 4 and exhibit abrupt breakdoatn fering dielectric stacks. The high PDE achievedtairt
17.56V, 17.47V, and 17.37V, respectively. Intereglii, wavelengths is well suited to PET applications [1].
the breakdown voltage @¥) is observed to decrease as The cumulative distribution of the DCR populatian f
device size increases. These breakdown voltageslare the 25 available devices of each device diametéluis
tively high for a 90nm process as we discovered i trated in Fig. 6. Devices which failed due to E&dinage
standardo-well required for small geometry MOS transis-are not included. The median DCR reduces from 132Hz
tors yielded a breakdown voltage of ont§1.5V com- to 0.8Hz as device diameter scales from 8um to apan
pared with thex14.4V for the same junction in 130nm,total bias voltage of 17.8V at 293K. Interestingilge
indicating the degree to which dose-scaling occurs. proportion of devices with close to the median D@R

The Photon Detection Efficiency (PDE) measured fogreases as the device diameter reduces. Thisigstent
the 8um device at 1.2V excess bias is illustrateBig. 5 Wwith a model of localised traps being responsiblethe
with the 130nm results at the same excess biategléar high DCR devices, and the smaller the device vojuhe
comparison. The peak PDE 6f33% is achieved at lower the probability of finding a trap in the hidield
450nm which is a shorter wavelength than+84.5% at junction. This provides some justification for ther scal-
470nm achieved in 130nm [8]. Moreover, a slightlyng of SPAD geometries in advanced CMOS as improved
higher PDE is also achieved at short wavelengthién Yield can be expected witfi’0% of 2um devices achiev-
90nm process, suggesting a shallower junctiéndiffer-  ing less than 1Hz DCR.
ent diffraction and interference pattern is alswlent be- Fig. 7 illustrates the DCR dependence on bias gelta

Photon Detection Efficiency (%)
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Fig. 6. Cumulative DCR for population of 25 devices at 17\8. Fig. 7. DCR vs. voltage for typical 2, 4 and 8um diameter FADs
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Fig. 8. DCR vs. temperature for a median 2um device. Fig. 9. Timing jitter for 2, 4 and 8um diameter SPADs at 178V.
for median DCR devices of each size. The voltagelig After-pulsing Distribution (4um Device)

ent for each device diameter is similar and, coebiwith Gy

the yield apparent from Fig. 6, this suggests thatian
DCR devices do not suffer from DCR due to traps.
The exponential dependence of DCR on temperatur  2s00f
for a median 2um 0.8Hz device is illustrated in. Agpn
an Arrhenius plot. The resulting 0.69eV activatemergy
is consistent with thermal generation and diffusaum-
rents. Compared to the results presented inlj8]attiva-
tion energy suggests that band-to-band tunnelkngait 1000¢
the dominant DCR mechanism in these devices. iEhis
consistent with a M of around 17.5V, compared to [9]
with a Vgp of =14.9V. Moreover, the median DCR is so 0. RS —— TERT
low that this suggests that traps are not respltenfib the 7 Time(s)
obtained activation energy. These results highlile  Fig. 10. After-pulsing distribution for a 4 pm diameter SPAD at
importance of using a high breakdown voltage jurcto 17.8V tota_l bi_as illustrating 3.725% after-pulsing probability and
achieve low noise. The temperature dependenceggf Vv 2~330ns lifetime.
was evaluated as 13.1mV/K and was accounted ftrein Py performing subtraction in quadrature. This asgis-
measurements. tent with the lateral avalanche spreading theooppsed
The jitter of each detector was measured with @-Picby Lacaita [10]
guant LDH-D-C 470nm pulsed laser with a PDL800D The after-pulsing of the 4um device was measured by
driver. The laser was attenuated to avoid phoitsyp first determining the time-scale of the after-podsiphe-
distorting the measurement. Fifty thousand breakdo Nomenon by analysing the inter-arrival times okdaount
events were accumulated and the results are plioteig.  €Vents. The observation time was steadily reduoced
9 which includes the estimatedbOps laser and-30ps More accurately observe the deviation from thelidaa
output buffer chain jitters. The results show thattl ponentially distributed inter-arrival times. It svdound
timing resolution improves as the detector diaméser that the majority of after-pulsing was containethii 2us
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probability of two dark count events in 2usx10° and
therefore any secondary pulse probability highantthis
would be due to after-pulsing.

The oscilloscope was set to measure the time bataee
primary pulse and a secondary pulse, if one ocduard
left to accumulate3,042,472primary pulses overnight.
This yielded 113,335 secondary pulses, giving al tat-
ter-pulsing probability of 3.725%. This after-puigi
probability is significantly less than previouslgported
for 90nm SPADs [5]. The exponentially distributitier-
pulsing probability obtained with this techniqueillss-
trated in Fig. 10 showing~=330ns lifetime. Finally, Table
I summarises the performance of all the devices.

IV. CONCLUSION
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A family of SPADs was reported in 90nm CMOS imag-

ing technology ranging from 2 to 8um in size. Tde
vices utilise relatively low doped well implantsadable

TABLE |: SPADPERFORMANCESUMMARY

in the imaging process to reverse the trend ofaedi;p Metric 2pm 4um 8um Unit
with process node shrink apparent from the liteeto | Bréakdown | -17.57 -17.5 -17.4 v
mitigate band-to-band tunnelling and achieve lowrDQ__Yoltage
The 2um device is especially promising for futusege | Max Photon| No Data | No Data 33 %
scale SPAD integration as it achieves high yield gnod De_tgctlon (47_0nm,
timing performance. E_frf!m_ency Ves=1.2V)
The results suggest that the main impediment tardut 'ming 103 114 146 ps
. . . Resolution | (FWHM) | (FWHM) | (FWHM)
implementation of low DCR SPADs in more advanced (17.8V)
nanometre processes is the reduceg &hd high noise Meaian 08 5 1325 Hz
rate arising from low breakdown voltages resultiram DCR
the opposing objectives of MOSFET and SPAD design. (17.8V,
A move to custom junctions in the future is therefoe- ~295K)
quired tq maintain noise performance because dyen U After- No Data 3.725 No Data %
well doping concentrations start to become too hagh pyising at
nanometre nodes to form good low noise SPADs. 1.2Veg
Active Area 3.14 12.56 50.24 um?
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