
Appendix B

Additional Measurements

B.1 Comparison with the BCD technology

In this section, I present the measurements I have performed to compare the performances
of the SPAD array detector used throughout all the experiments in this thesis, with a new
SPAD array version, based on the Bipolar-CMOS-DMOS (BCD) technology (Table B.1).
The switch from the CMOS to the BCD technology mainly leads to an increase in both the
dark count rate (DCR) and the photon detection efficiency (PDE). Remarkably, the higher
DCR should not represent a significant drawback in the context of applications for which the
photon flux is not a major concern, e.g., the imaging of bright samples. On the other hand, it
may hinder the possibility of performing measurements in the condition of very low photon
budget, e.g., in the context of single molecule regime.

CMOS based BCD based
SPAD array SPAD array

fill factor ⇡ 55% 57,5%
PDE, l =450 nm 45% 53%
PDE, l =650 nm 15% 35%
PDE, l =850 nm 5% 7,5%

dark count rate 100 cps 5000 cps
time resolution (FWHM) < 200 ps < 80 ps
afterpulsing probability 2,5% 0,5%

Table B.1 Comparison between BCD and CMOS versions of the SPAD array detector.
The afterpulsing probability for CMOS and BCD technology is reported for hold off set to
100 ns and 20 ns respectively.
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Figure B.1 Comparison of the SPAD array detector based on the CMOS and BCD
technology with tubulin imaging. Details of a series of tubulin imaging experiments with
increasing excitation powers and dwell times. For each dwell time, the last column represent
the image obtained with the CMOS SPAD array detector, normalised to the BCD SPAD array
image. The FRC resolution is also reported for the first two values of the excitation power.
Pixel-dwell time: 10, 50, 100 µs. Pixel-size: 40 nm. Detail format: 70 ⇥ 70 pixels. Original
image format: 250 ⇥ 250 pixels. Scale bars: 1 µm.

To validate the BCD SPAD array, I started imaging tubulin structures with increasing pixel
dwell time, at increasing excitation powers Pexc (Fig. B.1). As expected, the increased PDE
of the BCD SPAD array detector results in images with higher SNR, for every combination of
dwell-time and excitation power, and the increased DCR does not represent a major concern.
I then tested the performances of the novel BCD detector imaging a sample of nanorulers.
Considering the few number of fluorophores linked to each DNA strand, this experiment
resembles the condition of a single molecule measurement, such as single molecule tracking
(see Chapter 7). Due to the severely reduced photon budget, the BCD SPAD array provided
results with lower SNR with respect to the images obtained with the CMOS-based detector,
in the condition of very low excitation power (Pexc =17 nW) and for each dwell-time tested.
However, increasing the excitation power - and hence the photon flux - led to the BCD-based
SPAD array detector providing higher SNR images with respect to the CMOS SPAD array
(Fig. B.2).
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Figure B.2 Comparison of the SPAD array detector based on the CMOS and BCD
technology with nanoruler imaging. Details of a series of nanoruler imaging experiments
with increasing excitation powers and dwell times. For each dwell time, the last column
represent the image obtained with the CMOS SPAD array detector, normalised to the BCD
SPAD array image. Pixel-dwell time: 10, 50, 100 µs. Pixel-size: 40 nm. Detail format: 70 ⇥
70 pixels. Original image format: 250 ⇥ 250 pixels. Scale bars: 1 µm.

B.2 Compatibility with fast resonant scanning

Fig. B.3 demonstrate the compatibility of the Image Scannning Microscopy setup based
on the SPAD array with fast resonant scanning architectures. Notably, resonant scanning
systems are normally combined with photomultiplier tubes, considering their higher dynamic
range compared with that of SPADs. However, the effective dynamic range of the SPAD
array is considerably higher than that of each single element, taking into account the spread
of the photons across all the sensitive elements.

Figure B.3 ISM combined with fast resonant scanning. Side-by-side comparison between
"ideal" confocal, "open" confocal and APR-ISM images of tubulin stained with Alexa Fluor
546. Image format: 256 ⇥ 256 pixels; resonant frequency, 7.9 kHz; zoom factor, 8, which
results in a pixel size of 103 nm and a minimum pixel dwell time of about 70 ns; 64 line
integrations. Insets show magnified views of the regions outlined by white boxes. Scale bars,
1 µm. Data are representative of n = 10 experiments.
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