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Definition of SiPMs

e Silicon photomultipliers (SiPMs) are advanced
solid-state detectors that excel in detecting low
light levels, particularly at the single-photon
level.

e They consist of an array of single-photon
avalanche diodes (SPADSs) that operate in
Geiger mode

Fig 1: Silicon Photomultiplier (SiPM), 2mm x 2mm active area
Author: Kaushal Patel
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Basic Working Principle

e SiPMs consist of hundreds to thousands
of MICROCELLS:

o Eachis functioning as an independent
photodiode
Sizes can range from 10 um to 100 um
They operate in Geiger mode

o The pulses from all the cells are summed
together

o Includes an integrated guenching resistor
that helps reset the diode

o The basic structure includes an anode
and cathode for each microcell
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Fig 2: Schematic of conventional front-illuminated SiPM with SiNx as
single-layer ARC on planar surface. [Yuguo Tao et al. (2022)]


https://www.nature.com/articles/s41598-022-18280-y

Basic Working Principle:
= Step-by-step breakdown
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Figure 3: The avalanche diode internal gain mechanism
Credit: Phlux Technology

electron-hole pairs

Photon absorbed by the microcell generates an electron-hole pair and the
presence of this pair initiates an avalanche process, leading to a large current
pulse that indicates the detection of a photon.
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Applications of SiPMs

1. High-Energy Physics Experiments:
o Used in particle detectors for detecting scintillation
light produced during particle interactions.
o  Examples:
] Large Hadron Collider (LHC) experiments.
] Neutrino detectors like the DUNE project.

o Advantage:
Their ruggedness and ability to operate in magnetic

fields make them ideal for demanding environments.

2. Medical Imaging (PET Scanners):

o Core technology in modern PET (Positron Emission
Tomography) scanners, where they detect gamma
rays from radiotracers in the body.

o  Advantages:

] High timing resolution improves image
quality.

] Compact design allows smaller and more
portable imaging systems.
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Figure 4: Compact Muon Solenoid
(CMS) particle detector (part of LHC)
Image credit: CERN

Figure 5: Deep Underground
Neutrino Experiment (DUNE)
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Figure 6: Positron emission
tomography (PET) scan
Image credit: Cleveland clinic



Applications of SiPMs

Figure 7: Example of how a LIDAR
gathers information in an
autonomous vehicle

Credit: Jonathan Hui

Figure 8: LST1and MAGIC

telescopes at Roque de Los
Muchachos, La Palma, Spain
Credit: Urs Leutenegger

3. LIDAR Systems (Light Detection and Ranging):

(@]

Used for distance measurement and mapping by
detecting light reflected from objects.
Examples:

] Self-driving cars.

] Atmospheric studies.
Advantage:
High sensitivity and fast response make them
perfect for time-of-flight (TOF) measurements.

4. Nuclear Medicine and Security Applications:

(@]

Used in radiation detection for nuclear safeguards
and security scanning systems.

Advantage:

Capable of detecting faint light signals from
scintillators with high accuracy.

5. Biophotonics:

o

o

Used for fluorescence microscopy and flow
cytometry.

Advanced studies in cellular biology and
diagnostics.

6. Astronomy:

O

Detecting Cherenkov light from cosmic rays.



State-of-the-Art: Innovations in SiPM Technology

1. Smaller Cell Size for Higher Dynamic Range:

O

Earlier SiPMs used larger microcells (e.g., 50-100 um),
which limited their ability to handle high-intensity light
without signal saturation.
State-of-the-art improvement:
] Introduction of smaller cells (e.g., 10-15 um).
] Allows SiPMs to operate effectively in high-light
conditions by reducing the likelihood of multiple
photons hitting the same cell simultaneously.

Application:

LIDAR systems, medical imaging, and high-speed timing
experiments.

2. Improved Noise Performance:

Reduction in dark count rate (DCR): Noise caused by
thermally generated electrons in the absence of light.
Breakthroughs include:

u Improved fabrication techniques to minimize
defect-induced noise.

| Enhanced cooling solutions for
temperature-sensitive applications.

Result:

Better signal-to-noise ratio, crucial for applications like
PET scanners and low-light measurements.

3. Increased Photon Detection Efficiency (PDE):

o

PDE measures the fraction of photons detected relative
to the total photons incident on the sensor.
New developments:
[ Optimization of microcell structure and optical
coatings to capture more photons.
n PDE now exceeds 50% in some models, a
significant improvement from earlier designs.
Impact:
Enhanced sensitivity in applications requiring precise
light detection (e.g., fluorescence spectroscopy,
Cherenkov light detection).

4. Faster Timing Resolution:

O

SiPMs now offer sub-nanosecond timing resolution
due to better microcell design and reduced jitter.
Importance:

Critical for time-of-flight (TOF) measurements in PET
imaging and high-energy physics experiments.



New Frontiers with
State-of-the-Art SiPMs

Figure 9: application of TOF in a 3-D PET image
Credit: Joel S. Karp

Time-of-Flight Positron Emission
Tomography (TOF-PET):
o High timing resolution (<100 ps) improves
image clarity and reduces patient scan times.
o New designs with smaller cells enhance
performance in dual-modality systems (e.g.,
PET/CT or PET/MRI).

Quantum Sensing and Quantum Key
Distribution (QKD):

o  SiPMs are being explored for applications in
quantum communication, where single-photon
detection is crucial.

o Advantage:

SiPMs offer low dark noise and precise timing,
critical for secure and fast data transmission.
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Cherenkov Light Detection in High-Energy Physics and
Astronomy:
o Why it matters:
Cherenkov light signals are faint and short-lived. Advanced SiPMs,
with their high PDE and fast timing resolution, excel at detecting
these signals.
o Examples:
[ ] Imaging atmospheric Cherenkov telescopes (IACTs) for
cosmic ray detection.
] Neutrino detectors like IceCube in Antarctica.

nanosecond 0.1 km? “light pool”,
snapshot a few photons per m?



https://www.semanticscholar.org/paper/Endogenous-Fluorescence-Lifetime-Imaging-(FLIM)-For-Jo-Cheng/f1720e6e29cfb31240bf27af187ea0c4ed65c3ec
https://www.semanticscholar.org/paper/Endogenous-Fluorescence-Lifetime-Imaging-(FLIM)-For-Jo-Cheng/f1720e6e29cfb31240bf27af187ea0c4ed65c3ec

Small-Cell SiPMs in High-Light Environments

e Small cell SiPMs consist of microcells that are significantly smaller than traditional
designs, typically ranging from 10 um to 30 pum in size.

e This enhances the SiPM’s ability to handle a greater number of simultaneous photon
events without saturating, dramatically improving the dynamic range.

e The reduction in size allows for a higher density of microcells within the same area,
which improves the overall photon detection efficiency (PDE).

e The increased density also enhances spatial resolution, making these devices suitable
for applications like medical imaging and particle physics.
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Small-Cell SiPMs in High-Light Environments: Applications

1. Advanced LIDAR Systems:

o Problem: In outdoor settings, ambient sunlight or intense reflected light can overwhelm traditional SiPMs, causing
saturation and reducing accuracy.
o Solution: Small-cell SiPMs can operate in these high-light environments, detecting weak reflected signals amidst

bright ambient light.
o Impact: Autonomous Vehicles, Geospatial Mapping

2. Industrial Robotics and Automation:
o Challenge: Robotic systems often operate in bright indoor environments (e.g., factories with strong lighting)

o  Small-cell SiPM advantage: Handles intense reflections without losing signal integrity, ensuring precise distance
measurements and real-time decision-making.

3. Agriculture and Environmental Monitoring:

o  Application: LIDAR and optical sensors are increasingly used in precision agriculture for tasks like measuring plant
height, analyzing crop health, and mapping terrain.

o Small-cell SiPM advantage: Performs accurately in sunlight or with bright reflections from wet soil, water bodies, or
crop surfaces.
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Technical Explanation of How Small Cells Solve Saturation

1. Higher Dynamic Range:

o Small cells allow more microcells to share the incoming photon load:
B A1mm? SiPM with 50 um cells has around 400 cells.
m  A1mm? SiPM with 10 pm cells has 10,000 cells.
o  This ensures more photons are counted before the detector reaches saturation, effectively broadening
the intensity range it can handle.

2. Improved Linearity:

o Linearity refers to how accurately the output signal corresponds to the number of incoming photons.
o With small cells, SiPMs maintain linearity even at high photon flux levels, critical for applications like LIDAR
and high-speed imaging.

3. Better Photon Recovery Times:

o Small-cell SiPMs recover faster from saturation events due to the smaller capacitance of each cell,
allowing the device to respond to subsequent photon hits more rapidly.
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Conclusion

e Key Takeaways:
o SiPMs are compact, highly sensitive detectors with superior performance compared to
traditional PMTs.
o State-of-the-art improvements (small cells, low noise, high dynamic range) enable new
applications in LIDAR, medical imaging, and guantum technologies.

e Future Directions:
o Better Dynamic Range & Noise Reduction: For extreme low-light and high-light applications.
o Integration with Electronics: Compact, high-performance modules for robotics and medical
devices.
o Quantum Applications: Secure communication and advanced sensing.
Space & Extreme Environments: Radiation-hardened designs for space and deep-sea
exploration.
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Thank you for the attention
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