Preface

Dark clouds hung over physics toward the end of the nineteenth century, when
physicists began to appreciate that their comprehension of the nature of light
was critically incomplete. The classical description of light as an electromagnetic
wave satisfying the beautiful equations of Maxwell obviously failed to explain
significant optical effects: How is radiation absorbed by matter? How can light with
such strange, narrow spectra be emitted by gases or solid materials? How can the
nature of blackbody radiation be explained? In a radical step, Albert Einstein and
Max Planck provided the key to this impasse by introducing the revolutionary notion
that the energy states of the electromagnetic field are not continuous but rather
quantized – they successfully imagined the photon. So, finally the clouds parted,
opening vistas into the strange world of quantum physics.
A natural consequence of the concept of a photon is the existence of an ultimate
detection limit of electromagnetic radiation. Once you can sense each individual
photon (possibly gaining also information about its energy and polarization state),
you know all about incident radiation that can be known. For this reason, the
holy grail of photosensing is the spatially resolved detection of light with this
ultimate precision, single photon imaging. The aim of this book is to provide a
comprehensive and systematic overview of all relevant approaches currently in use
to realize practical single photon imagers. In all of these devices, three major tasks
have to be accomplished: (1) incoming photons must enter the detector, where
they are converted into electronic charge; (2) this photogenerated charge must be
collected and possibly amplified at the same time; and (3) the collected charge must
be detected with suitable electronic circuitry.
In all these steps, one has to fight thermally generated noise: The photogeneration
process competes with dark noise charge generation in the conversion layer; in the
photocharge collection and amplification process, signal charges must be handled
while avoiding the detrimental effects of thermally generated charge carriers; finally,
the first stages of any electronic charge detection circuitry suffers from thermally
generated Johnson noise in the channel of transistors or in resistors. Depending
on the boundary conditions of a photodetection problem – for example, the
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photosensitive area, the response time, the mean detection rate, the exposure time,
the frame rate, the spectral distribution of the radiation, the operating temperature,
and the power consumption – a different technological approach will come out as
an optimum. For this reason, the present book provides a theoretical and practical
framework, where researchers and practitioners will find in condensed form all
relevant information to resolve their particular single photon imaging solution.
In Chap. 1, relevant fundamental concepts for treating noise phenomena in
optoelectronics are summarized, and a rigorous definition of the precise meaning
of “single photon imaging” is given. State-of-the-art semiconductor technology
especially suited for ultra-low-noise image sensing is presented in Chap. 2. The use
of photocathodes in vacuum for single photon imaging is treated in several chapters:
in Chap. 3, the charge multiplication processes is implemented with avalanche
photodiode (APD) arrays; in Chap. 4, the photoelectrons are accelerated to a high
voltage, and their bombardment of semiconductor imagers causes a large number
of secondary electrons being created in the image sensor; in Chap. 5, a suitable
geometry of several electrodes, each multiplying the incident electron packets by a
factor, provides for photocharge multiplication of up to factor of one million. It is
also possible to exploit the avalanche effect in semiconductors, without having to
use vacuum devices. In Chap. 6, the avalanche effect is used in so-called electronmultiplying charge-coupled devices (EMCCDs), while Chap. 7 describes CMOS
compatible semiconductor image sensors for single-photon avalanche detection
(SPADs). In synchronous applications, where one samples the images at regular
times while accumulating photogenerated charges between samples, it is possible
to realize single photon CMOS imagers through systematic bandpass filtering,
exploiting the parallelisms possible in CMOS imagers; this approach to single
photon imaging is described in detail in Chap. 8, and the complementary Chap. 9
treats suitable architectures for the implementation of such single photon CMOS
imagers. If one is not constrained to use standard CMOS processes, an interesting
class of structures, called double-gate transistors and charge modulating devices
(CMDs), make it possible to sense individual electrons with very high conversion
gains of several 100 V per electron, as described in Chap. 10. The case of highenergy photons (UV and X-ray radiation) arriving at arbitrary times is treated
in Chap. 11, showing the way to efficient, energy-sensitive X-ray single photon
imagers implemented with standard CMOS processes. Each of the last three chapters describes an important practical application in which single photon imaging is
a key capability: in Chap. 12, optical time-of-flight range imaging is covered, with
which complete 3D images of a scene can be acquired with millimeter resolution
in real time. Astronomical and aerospace applications in which single photon
imagers are essential are presented in Chap. 13. Finally, Chap. 14 describes a highly
relevant application of gated ultra-low-noise imagers in the life sciences, namely
very sensitive and highly specific pharmaceutical and medical diagnostics through
time-resolved fluorescence imaging.
No panacea exists yet for the practical and economical solution of the many
single photon imaging problems in the world, ranging from fundamental scientific
research to the availability of cell phone cameras with which brilliant pictures can
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be taken also under extreme low-light conditions. Finding a solution still requires
skillfully elaborating a good technological compromise. If the authors of this book
have achieved their goal of providing a useful and powerful tool to many engineers
and researchers in the wide field of image science, then our ambition has been
fulfilled and the efforts of all involved colleagues have been worthwhile.
We would like to express our sincere thanks to the authors of the various chapters
for their kindness and willingness to contribute to this book, for their hard work
required in actually carrying through with the promise, and for their determination to
meet all the deadlines revising and updating their chapters, with the goal to provide
the most valuable and up-to-date contributions.
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