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Single-Photon Counters
Get a Second Wind
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Demands from advanced applications are sparking new techniques.

by Dr. Alexandre Pauchard and Dr. Alexis Rochas, id Quantique

tandard PIN and linear-mode

avalanche photodiodes are the

devices of choice for most light-
detection applications. However, al
ultralow-light levels, these detectors
fall short because the noise of the
readout electronics becomes greater
than the photodiode signal. In a wide
range of research and commercial
applications — such as fluorescence
and luminescence detection, DNA
sequencing, fluorescence correlation
spectroscopy, decay time measure-
ments, flow cytometry, noncontact
profilometry, particle sizing and
astronomy. as well as military and
commercial lidar applications — the
detection of just a few photons is
essential,

Photomultiplier tubes and Geiger-
mode avalanche photodiodes — com-
monly called photon counters — were
developed specifically to excel at ul-
tralow-light levels. Although these
devices can detect single photons, it
is a mistake to call them photon
counters because they cannot re-
solve photon quantity. Instead, they
are trigger devices: They indicate if
ane or more photons have hit the de-
tector's active area but usually can-
not distinguish between the arrivals
of one or more photons.

Light detection evolves
Photomultiplier tubes have been

produced industrially since the

19505, Major suppliers, such as

@
= Sample Under Test

Figure 1. This setup was used for lime-correlated single-photon-counting
measurements. TOC = tima-to-digital converter.
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Hamamatsu Photonics KK of Japan
and Burle Electro-Optics Inc. of
Sturbridge, Mass.. have introduced
refinements over the years.

Solid-state avalanche detectors, on
the other hand, became available in
the 1990s. PerkinElmer Optoelec-
tronics of Fremont, Calil., in partic-
ular, was successful with iis single-
photon-counting module. The ava-
lanche photodiode at the heart of the
module is fabricated with a non-
standard custom silicon process that
uses ultrapure, high-resistivity
wafers. The active area diameter of
the detector is about 160 pm. Thanks
ter a thick depletion layer, the photon-
detection efficiency is high in the vis-
ible region. But for the same reasomn,
the photon-timing resolution [also
called timing jitter) is poor: about
350 ps full width half maxtmum. The
fabrication technology is inherently
complex, which means that the pro-
duction yield of good devices is low
and the cost, high.

There is no prospect for produc-
ing on-chip avalanche photodiode
arrays using this technology: Only
single-pixel elements are available.
Furthermore, these detectors are
damaged by strong illumination, and
intrinsic high-power dissipation
means that effective cooling is nec-
ESSATY.

Better timing, spatial resolution
Over the past few years, the need
for Improved photon-counting de-
tectors has increased dramatically,
driven by progressively more de-
manding applications. Rugged coun-
ters with good timing resolution are
desirable, for example, in time-cor-
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Photon Counting
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Figure 2', A cﬁose—up view of the 1 = ‘IG avalanche photodiode array shows the detector, biasing and readout electronics

integrated within each pixel.

related photon-counting technigues,
which are used for single-molecule
detection and advanced fluorescence
lifetime measurements (Figure 1).
Likewise, high-spatial-resolution pho-
ton counter arrays [one- and two-di-
mensional) are needed for high-
throughput and mapping applica-
tions, and DNA sequencing using
single-molecule-array technology has
the potential to transform the eco-
nomics of the process by allowing
millions of Individual DNA molecules
to be rapidly sequenced in parallel.

Three-dimensional lidar imaging,
which is of high importance for mil-
itary and commercial markets, is an-
other application requiring photon-
counter arrays. On the military side,
3-D imaging facilitates the detection
of masked or occluded targets; com-
mercial applications include terrain
mapping and obstacle avoldance for
autonomous vehicles,

The CMOS generation

To overcome the limitations of pho-
ton counters, several academic re-
search groups have worked on next-
generation devices. The major break-
through came from the use of CMOS
for device fabrication — a technol-
ogy widely used in the microelec-
tronics industry. For example, a
group of scientists at the Swiss
Federal Institute of Technology in
Lausanne used a standard commer-
cial CMOS process to create an 8 =
4-pixel avalanche photodiode array
and demonstrated an excellent tim-
ing resolution of 40 ps.

Using a CMOS process to [abricate
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Figure 3. The graph shows the measured timing resolution of the id100 and id150.

photodetectors has several advan-
tages: It becomes possible to fabricate
large avalanche photodiode arrays,
to significantly reduce timing jitter,
thanks to the use of devices with nar-
rower depletion regions, and to in-
tegrate the electronics and the pho-
todiode on the same silicon chip to
drastically reduce fabrication cost.
Alternatively, researchers at Pol-
itecnico di Milano in Italy have fol-
lowed a hybrid approach. with the
readout electronics [abricated in a
CMOS process and the avalanche
photodiode fabricated in a custom
planar epitaxial process. And a group

at the National Microelectronics
Research Centre (now part of the
Tyndall National Institute) at the
University of Cork in [reland has
done similar work using a CMOS-
compatible process for making ava-
lanche photodiodes.

Photon counters based on the
CMOS method are belng commer-
cialized. Id Quantique offers two
products based on this technolo-
gy: the 1d100, a compact single-cle-
ment photon counter, and the id 150,
a one-dimensional 1 * 10 photon-
counter array for high-through-
put measurements. These compact

PHOTOMICS SPECTRA 103



Microscope
Automation

When Accuracy Counts !

2

Complete automation
systems for every aspect
of microscope control !

* Motorized stages for any
budget and requirement

= Excitation and emission

filter wheels

* Highest accuracy focus
controls

* Robotic specimen handling

Ludl
Electronic

Products Ltd.

far more information

sales@udl.com www.ludl.com

For Free Info, Circle 57
104 PHOTOMICS SPECTRA

Photon Counting
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Figure 4. A 3-D image sensor has been developed at the Swiss Federal Institute
of Technology. Courtesy of Edoardo Charbon.

modules do not require thermoelec-
tric cooling, and even with the de-
tector, biasing and readout electron-
les integrated within each pixel, the
pitch is still only 50 pm (Figure 2).
The Milan and Cork groups are
also working toward the commer-
cialization of their devices. Because
these detectors have thinner active
regions, their photon-detection prob-
ability in the blue region is better
than that of the PerkinElmer mod-
ule (20 percent vs. 8 percent at 400
nm], but the sensitivity in the red
and NIR regions is smaller (20 per-
cent vs, 70 percent al 700 nm). This
iz the price to pay for achieving a
timing resolution of 40 ps (Figure 3).
Another advantage of CMOS-based
photon counters is that they con-
sume one-tenth of the power of non-
CMOS devices because of a low in-
ternal operating voltage (25 V) and
the fact that no cooling is required.
Furthermore, these detectors do not
suffer from memory effects exhibited
by photomultiplier tubes and, un-
like single-photon-counting modules,
are not damaged by amblent light.
A current limitation of CMOS-based
devices, however, is the smaller ac-
tive area — typically smaller than

100 pm. Also, the dark count rate of
devices with a larger active area is
still too high.

Detection in the infrared

The detection of single photons in
the IR range is more problematic,
Although photomultiplier tubes with
a spectral response extending to
1700 nm exist, their efliciency does
not exceed a fraction of a percent.
Superconducting maierials have
been tested, but their cooling re-
guirements make them impractical
for most applications. The InGaAs/
InP avalanche photodiode — origi-
nally developed for optical commu-
nications applications — is the device
of choice for photon counting in the
IR range. A high dark count and
after-pulse density. unfortunately,
plague these detectors.

In applications where the arrival
time of a photon on the detector is
known with precision, such as quan-
tum eryplography or optical time-
domain reflectometry, it is possible to
use the gated mode of operation. In
this approach, the excess bias volt-
age across the avalanche photodi-
ode is raised above the breakdown
voltage when a photon is expected.
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This typically lasts only a few
nanoseconds. The technique enables
id Quantique’s id200 counting mod-
ule to achieve a quantum detection
efficlency of more than 10 percent at

CMOS-based pholon counters may
be the development of large arrays
for 2-D and 3-D imaging. A number
of applications — including facial
recognition, object monitoring, smart

1300 and 1550 num.
The next step in the evolution of

alr-bag deployment systems and
nonionizing medical tomography —

Have You Seen a Single Photon Lately?

wc all know that photons are tiny, For one thing, a photon has
no mass [the limit has been measured at below 1075 g]. A
photon with a wavelength of 800 nm has an energy of only 2.5 > 107"
J. or 1.55 V.

Humans can see a huge range of intensities, from daylight levels of
around 10¢ cd/m? to night luminances of approximately 109 ed/m?. How
many photons must arrive at the eye every second for our brain to con-
sciously register a signal? About G00.

Though incredibly sensitive, the human eye Is not perfect. Its effi-
clency is about 10 percent, meaning that only 60 of the initial 600 pho-
tons will reach the rods, the receptors on the retina at the back of the
eye responsible for low-intensily vision, The rest of the signal is lost. It
iz reflected (3 percent) or absorbed by nonsensing parts (47 percent),
or it falls between the rods (40 percent). O

require fast and precise depth-map
evaluation and, hence, could benefit
from these sensors.

TOF sensor

A 3-D image sensor based on the
time-of-Mlight method has already
been demonstrated by the Swiss
group. It consists of a 32 X 32 ava-
lanche photodiode array fabricated
in a commercial CMOS process
[Figure 4). After having already made
contributions in fields [rom micro-
elecironics to image sensors, CMOS
technology may continue to revo-
lutionize the way we count single
photons. O
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