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ABSTRACT

CMOS SPADs are nowadays an established imaging technology for applications requiring single-photon sensitivity in a
compact form-factor (e.g. three-dimensional LIDAR imaging and fluorescence lifetime FLIM microscopy). However,
we aimed at further enhance overall SPAD performances, by exploiting smart power technologies, such as the BCD
(Bipolar-CMOS-DMOS) one. We achieved the present state-of-the-art SPADs fabricated in the 0.16 um BCD
technology by STMicroelectronics, attaining >60% photon detection efficiency at 500 nm, dark count rate density < 0.2
cps/um?, and less than 30 ps FWHM timing jitter.

Keywords: Photon counting, photon timing, single-photon avalanche diodes (SPADs), time-correlated single-photon
counting (TCSPC), LIDAR, Time-of-Flight (TOF), 3-D ranging, FLIM.

1. INTRODUCTION

Time-resolved single-photon counting applications are demanding higher and higher detection performance,
microelectronic integrability, and cost-effective “single-photon detection systems on Silicon” for emerging markets, such
as three-dimensional imaging (LIDAR) in consumer and automotive [1] fields. However, owing to the rapid SPAD
performance degradation at higher doping levels, the trend toward deep-submicron (DSM) CMOS technologies to attain
higher system integration and higher pixel count is recently showing its drawbacks. Although nowadays CMOS SPADs
fulfilling the minimum requirements for these applications have been industrialized in the 130 nm technology node [2],
many customers would greatly benefit from new detectors that could provide enhanced sensitivity (particularly in the
near-infrared range), lower noise, and higher timing resolution. Therefore, efforts are underway to develop SPAD arrays
that combine the advantages of CMOS (such as system integrability and scalability) and custom SPADs (best-in-class
photon detection performance). In this framework, we selected the BCD (Bipolar-CMOS-DMOS) most advanced
technology nodes (0.16 um, 0.11 um and 90 nm) as the most suitable choice for high-end photon counting and timing
applications.

In ref. [3] we presented three different SPADs developed in the 0.16 um STMicroelectronics’ BCD8sP technology [4].
In this paper we focus on the most promising structure, explaining the design criteria and showing a detailed
experimental characterization. The overall detection performance is among the best reported in the literature: i) PDE
higher than 60% at 500 nm wavelength and still 12% at 800 nm; ii) very low DCR, less than 0.2 cps/um’ (i.e. counts per
second per unit area); iii) temporal response with less than 30 ps full-width at half maximum time jitter and less than
50 ps diffusion-tail time-constant.
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Figure 1 TCAD simulations of a BCD SPAD: net doping (left) and electric field (right) at 5 V excess bias. Simulations are
performed with the Synopsys Sentaurus TCAD suite and STMicroelectronics process calibration data.

2. DEVICE STRUCTURE

Figure 1 shows the simulated cross section of our BCD SPAD. The SPAD junction is fully enclosed in a double-well
pocket, formed by a dedicated n-type buried layer, for vertical isolation from the p-type substrate, and a standard n-type
well, for lateral isolation. A custom retrograde Boron implant, referred in the following as enrichment, defines the SPAD
active area.

With such a geometry, photons are primarily absorbed in the p-type side of the depletion layer. Therefore, avalanches are
primarily initiated by minority electrons moving toward the buried multiplication region. Owing to the higher avalanche
triggering probability of electrons compared to holes [5], the buried avalanche multiplication region leads to higher
sensitivity compared to a typical p+/n-well SPAD junction [6].

At 25 °C the breakdown voltage of the SPAD junction is 26.2 V. Through the custom tailoring of the enrichment doping,
we engineered the electric field distribution to suppress noise contributions from tunneling and field-enhanced carrier
generation mechanisms within the space charge region, thus enabling operation at higher excess bias voltages than
conventional CMOS SPADs.

3. DETECTOR CHARACTERIZATION

3.1 Photon detection efficiency

The photon detection efficiency (PDE) over the 400 nm - 1100 nm wavelength range is presented in Figure 2. The device
was kept at room temperature and at excess bias ranging from 3 to 9 V. The attained PDE peak is 50%, 60% and 70% at
500 nm, when the device is biased at 3 V, 5 V and 9 V excess bias, respectively. Furthermore, the device achieves >25%
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at the two extremes of the visible spectrum (i.e. at both 400 nm and 700 nm) when biased at 6 V excess bias. At the same
excess bias, the PDE is still 13% at 800 nm, 8% at 850 nm and still 4.5% at 900 nm.
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Figure 2 PDE vs. wavelength (at 5 nm steps) of 30 um-diameter BCD SPAD devices operated at 3 to 9 V excess bias.

The 5 nm wavelength resolution of the spectrally resolved PDE measurements permits to finely reconstruct the
interference ringing due to multiple light reflections in the back-end-of-line dielectric stack.
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Figure 3 Sensitivity map of a 30 um-diameter SPAD operated at 5 V excess bias, as measured by scanning a 850 nm laser
spot (~5 nm spot size) at 1 um steps across the SPAD.
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In order to assess the PDE uniformity across the SPAD active area, we acquired the sensitivity map shown in Figure 3.
At 5 V excess bias, the normalized PDE is uniform over the active area with less than 1% standard deviation, while
outside its edges it drops from 0.9 to 0.1 over a length of just 3 um. Note that no premature edge breakdown is visible.
Uniformity further improves at higher excess bias, owing to the saturation of the avalanche triggering probability.
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Figure 4 PDE at 800 nm and DCR of a 30 pm-diameter BCD SPAD measured at 300 K as a function of excess bias.

3.2 Dark count rate

Figure 4 shows the dark count rate (DCR) as a function of the excess bias voltage of a 30 pm-diameter BCD SPAD at
300 K. The excess bias can be increased up to 9 V with little impact on DCR. Comparing the excess bias dependence of
DCR and PDE in Figure 4, we can state that both curves increase and saturate in the same fashion, owing to the increase
and saturation of the avalanche triggering probability. This demonstrates that field-assisted carrier generation
mechanisms are negligible at 300 K and above. Conversely, most CMOS SPADs reported in the literature exhibit an
exponential dependence of DCR on excess bias.
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Figure 5 DCR/area ratio vs. peak PDE at different wavelengths and excess bias.
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Figure 6 Photon timing response at 850 nm of a 30 pm-diameter SPAD operated at different excess bias.

From a user point of view, it is often useful to compare SPADs in a plot with DCR/area ratio vs. PDE [7], as shown in
Figure 5. The lower the DCR for a given PDE, the better is the overall performance of the SPAD.
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The experimental characterizations we performed on 1024 devices from a 32x32 BCD SPAD array [8] show that the
DCR reported in this paper is representative of more than 80% of the population. If we define as ‘hot’ those SPADs with
a DCR higher than 10 times the average value of the best ones (i.e. those with lower DCR), the yield is higher than 90%.
Note that the yield strongly depends on the SPAD active area [9] and that devices currently under investigation (square
pixels with chamfered corners, 32 um side-length, ~1,000 pm’ active area) are quite big compared to most CMOS
SPADs reported in the literature, usually smaller than 10 pm diameter.

3.3 Timing resolution

Figure 6 shows, on a log scale and after amplitude normalization, the SPAD timing response to the pulse of a gain-
switching laser at 850 nm, which uniformly illuminates the entire SPAD area, acquired by a standard TCSPC setup. The
measured photon-timing jitter, i.e. the full-width at half maximum (FWHM) of the photon arrival time distribution, is
41 ps, 32 ps and 28 ps at 3, 5, 7 V excess bias, respectively. The ‘diffusion tail’, which is due to minority carriers
photogenerated in the quasi neutral buried layer and diffusing toward the space charge region, is almost purely
exponential with a lifetime of just 50 ps, never reported so far.

Such extremely sharp timing response leads to less than 250 ps FW1/100M (full width at 1/100 from the peak), and
shorter than 1 ns even down four decades from the peak (FW1/10,000M), thus being attractive to applications requiring
extremely demanding timing resolution in fast optical signals with wide dynamic range.

4. CONCLUSIONS

We have reported the design criteria and experimental characterization of the first SPADs ever fabricated in a BCD
technology. The achieved state-of-the-art performance enables applications requiring single-photon detection of
extremely fast and sharp visible and NIR optical signals, with broad sensitivity and counting dynamics. For example, to
detect background targets just behind strongly reflecting foreground objects in 3D time-of-flight LIDAR systems (e.g. a
second opaque object with a factor 10,000 in reflectivity just 500 ps, i.e. 7.5 cm, beyond a first highly reflecting object,
which could conceal it).
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