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478 14 Light Detectors

14.6 Image Sensors

The charge-coupled device (CCD)' and complementary metal oxide semiconductor
(CMOS) image sensors are two different technologies presently used for capturing
images digitally. Each has unique strengths and weaknesses giving advantages in
different applications.

Both types of imagers convert light into electric charge and process it into
electronic signals. In a CCD sensor, every pixel’s charge is transferred through a
very limited number of output nodes (often just one) to be converted to voltage,
buffered, and sent off-chip as an analog signal. Then, the analog signal is digitized by
an external A/D converter. All of the pixels can be devoted to light capture, and the
output’s uniformity (a key factor in image quality) is high. In a CMOS sensor, each
pixel has its own charge-to-voltage conversion, and the sensor often also includes
amplifiers, noise correction, and digitization circuits, so that the chip outputs digital
bits. These other functions increase the design complexity and reduce the area
available for light capture. With each pixel doing its own conversion, uniformity is
lower. But the chip can be built to require less off-chip circuitry for basic operation.

CMOS imagers offer more integration (more functions on the chip), lower power
dissipation (at the chip level), and the possibility of smaller system size, but they
have often required trade-offs between image quality and device cost. CMOS
cameras may require fewer components and less power, but they still generally
require companion chips to optimize image quality, increasing cost and reducing
the advantage they gain from lower power consumption. CCD devices are less
complex than CMOS, so they cost less to design. CCD fabrication processes also
tend to be more matured and optimized; in general, it will cost less (in both design
and fabrication) to yield a CCD than a CMOS imager for a specific high-perfor-
mance application. The choice continues to depend on the application and the
vendor more than the technology.

CCDs and CMOS imagers were both invented in the late 1960s and 1970. CCD
became dominant, primarily because they gave far superior images with the fabri-
cation technology available. CMOS image sensors required more uniformity and
smaller features that the silicon wafer foundries could not produce at the time.
Nowadays, renewed interest in CMOS was based on expectations of lowered power
consumption, camera-on-a-chip integration, and lowered fabrication costs.

Both CCDs and CMOS imagers can offer excellent imaging performance when
designed properly. CCDs have traditionally provided the performance benchmarks
in the photographic, scientific, and industrial applications that demand the highest
image quality (as measured in quantum efficiency and noise) at the expense of
system size. Astronomers say that CCDs have a high-quantum efficiency (QE),
meaning that a large percentage of incoming photons are actually detected. While
photographic plates might capture one photon out of every 100, modern CCDs

'In 2009, Willard S. Boyle and George E. Smith received a Nobel Prize for their invention of CCD
in 1969.
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14.6 Image Sensors 479
would capture 80 photons out of every 100. This allows for a substantial decrease in
exposure time. CCDs are also linear in nature, meaning that the signal they produce
is directly proportional to the amount of light collected. This makes it easier to
calculate the number of photons that hit the detector in the time of an exposure.

14.6.1 CCD Sensor

A CCD chip is divided into pixels. Each pixel has a potential well that collects the
electrons produced by the photoelectric effect. At the end of an exposure (frame),
each pixel has collected an amount of electrons (i.e., charge) proportional to the
amount of light that fell onto it. The CCD is then read out by cycling the voltages
applied to the chip in a process called “clocking.” Due to the structure of a CCD,
clocking causes the charge in one pixel to be transferred to an adjacent pixel. To
understand how the whole chip can operate, consider the following analogy sug-
gested by Jerome Kristian and shown in Fig. 14.16.

The incoming photons are represented by the raindrops, and the CCD chip is a
2D array of buckets. Each bucket represents a pixel, and the water it collects is the
combined charge accumulation due to photoelectrons. Once the rain has stopped
(the shutter is closed), conveyor belts move the columns of buckets down one row
(the gates are clocked). The water in the buckets at the edge of the array pours into
more buckets on a horizontal conveyor belt. This conveyor belt then pours these
buckets one at a time into a container on a scale, which is a graduated cylinder (the
readout electronics). The volume of water from each bucket is measured and
rounded to the nearest milliliter [corresponding to the digital output of a CCD,
which reports the counts, or analog-to-digital units (ADUs), from each pixel]. Then,
the image is formed by reconstructing the distribution of rainfall on the array.

[ |

weighing scale

Fig. 14.16 Analogy of the CCD operation
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Most CCDs have a setting called binning that causes them to read out in a
slightly different manner. When binning is used, blocks of pixels are grouped
together into “superpixels.” Each superpixel acts as one large pixel, with several
results. Read times are faster, since fewer actual measurements of charge are
performed. Each superpixel is also more sensitive, since it can collect more photons
for a given exposure time, but this comes at the cost of resolution.

14.6.2 CMOS-Imaging Sensors

Like CCDs, these imagers are made from silicon, but as the name implies, the
process they are made in is called CMOS. This process is today the most common
method of making processors and memories, meaning CMOS imagers take advan-
tage of the process and cost advancements created by these other high-volume
devices. Because CMOS imagers are created in the same process as processors,
memories, and other major components, CMOS imagers can integrate with these
Same components onto a single piece of silicon. Like CCDs, CMOS imagers
include an array of photosensitive diodes (PD), one diode within each pixel. Unlike
CCDs, however, each pixel in a CMOS imager has its own individual amplifier
integrated inside (Fig. 14.17). Since each pixel has its own amplifier, the pixel is
referred to as an “active pixel.” In addition, each pixel in a CMOS imager can be
read directly on an x—y coordinate system, rather than through the “bucket-brigade”
process of a CCD. This means that while a CCD pixel always transfers a charge, a

/ active pixel block

T
% % %
Amp Amp Amp
PD PD PD
-
3
2] s % %
2 Amp Amp
2 PD PD b
<
AN AN

column select

Fig. 14.17 Organization of a CMOS-imaging sensor
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14.7 Thermal Detectors 481

CMOS pixel always detects a photon directly, converts it to a voltage, and transfers
the information directly to the output.

14.7 Thermal Detectors

Thermal-infrared detectors are primarily used for detecting infrared radiation in
mid- and far-infrared spectral ranges and noncontact temperature measurements,
which have been known in industry for about 60 years under the name of pyrometry
from the Greek word mvp (fire). The respective thermometers are called radiation
pyrometers. Today, noncontact methods of temperature measurement embrace a
very broad range, including subzero temperatures, which are quite far away from
that of flame. Therefore, it appears that radiation thermometry is a more appropriate
term for this technology.
A typical infrared temperature sensor consists of the following:

1. A sensing element —a component that is responsive to electromagnetic radiation
in the selected wavelength range from visible to far infrared, depending on the
temperature range of the instrument. The main requirements to the element are
fast, predictable and strong response to thermal radiation, and a good long-term
stability.

. A supporting structure to hold the sensing element and to expose it to thermal
radiation. The structure should have low thermal conductivity to minimize heat
loss.

3. A housing that protects the sensing element from the environment. It usually
should be hermetically sealed and often filled with either dry air or inert gas such
as argon or nitrogen.

4. A protective window that is impermeable to environmental factors and trans-
parent in the wavelength of detection. The window may have surface coatings to
improve transparency and to filter out undesirable portions of the spectrum.

o

Below the mid-infrared range, thermal detectors are much less sensitive than
quantum detectors. Thus, the thermal IR sensors are used for the wavelengths
longer than 1 pum. Their operating principle is based on a sequential conversion
of thermal radiation into heat, and then, conversion of heat magnitude or heat flow
into an electrical signal by employing conventional methods of heat detection. In
other words, a thermal-radiation sensor in its operating principle resembles a
conventional temperature sensor (see Chap. 16) that converts temperature into
electric signal. The higher the temperature increase, the higher the electrical output.
This sets the design criterion — make the IR-sensing element to respond with high-
temperature increase or decrease as practical and then measure that increase with a
conventional, albeit specially designed, temperature sensor like a thermocouple or
thermistor.

According to (3.133), the infrared flux that is absorbed by a thermal detector is
proportional to a geometry factor A, which for a uniform spatial distribution of
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radiation is equal to the sensor’s area. For instance, if a thermal—radiation—sensing
element of a 5 mm? surface area and ideal absorptivity at the initial temperature 25°C
is placed inside an enclosed chamber whose temperature is 100°C, the sensor will
receive the initial radiative power of 3.25 mW. Depending on the element’s thermal
capacity, its temperature will rise exponentially until thermal equilibrium between
the element and its environment occurs. That is, the element will reach temperature of
100°C because its thermal coupling to the enclosed chamber is total — 100%. In
practice, the sensing element’s temperature never reaches that of an object because a
thermal coupling between the sensing element and the object is never 100%. Unlike a
hypothetical sensing element that is placed inside a radiative chamber, a real-sensing
element is rather poorly thermally coupled to the heat source. The sensing element is
usually positioned inside the radiation thermometer that may be at ambient tempera-
ture, while the object is remote and may be either very hot or very cold.

While the sensing element exchanges heat by radiation, a substantial portion of
the absorbed heat is lost through a supporting structure and wires, as well as through
gravitational convection and also through stray radiation. Thus, the equilibrium
temperature is always somewhere in-between the object’s temperature and the
initial temperature of the thermal-sensing element.

All thermal-radiation detectors can be divided into two classes: passive-infrared
(PIR) and active-far-infrared (AFIR) detectors. Passive detectors absorb incoming
radiation and convert it to heat, while active detectors generate heat from the
excitation circuit and measures heat loss that depends on the environment and the
object.

14.7.1 Golay Cells

The Golay cells are the broadband detectors of infrared radiation. They are extremely
sensitive, but also extremely delicate. The operating principle of the cell is based on
the detection of a thermal expansion of gas trapped inside an enclosure. This is why
these detectors sometimes are called thermopneumatic detectors. Figure 14.18
depicts an enclosed chamber having two membranes — the upper and lower. The
upper membrane is coated with a radiative heat absorber (e.g., goldblack), while the
lower membrane has a mirror surface (e.g., coated with aluminum).

The mirror is illuminated by a light source. The incident light beam is reflected
from the mirror and impinges on a position-sensitive detector (PSD). The upper
membrane is exposed to infrared radiation that is absorbed by the coating and
elevates temperature of the membrane. This, in turn, warms up gas that is trapped
inside the sensor’s chamber. Gas expands and its pressure goes up. The increase in
the internal pressure deflects the lower membrane that bulges out. A change in the
mirror curvature deflects the reflected light beam. The reflected light impinges on
the PSD at various locations, depending on the degree of bulging of the membrane,
and therefore of the intensity of the absorbed radiation. The entire sensor may be
micromachined using modern MEMS technology (see Chap. 18). The degree of the
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Coefficient o, has a meaning of thermal conductivity from the AFIR-sensing
element to the environment (housing).

Contrary to a PIR detector, an AFIR sensor is active and can generate a signal
only when works in orchestra with the control circuit. The control circuit must
include the following essential components: a reference to set the preset tempera-
ture, an error amplifier, and a driver stage. In addition, it may include an RC
network for correcting a loop response function and for stabilizing its operation;
otherwise, an entire system may be prone to oscillations [17].

It may be noted that an AFIR sensor along with its control circuit is a direct
converter of thermal radiative power into electric voltage and quite efficient one. Its
typical responsivity is in the range of 3,000 V/W, which is much higher when
comparing with a thermopile whose typical responsivity is in the range of 100 V/W.
An efficient way to fabricate an AFIR sensor would be by MEMS technology. In
fact, an AFIR sensor is a close relative to a bolometer as described in the previous
section. It just needs to be provided with a heater that can be deposited beneath the
bolometer-sensing element.

14.8 Optical Design

An optical sensor usually operates in conjunction with some kind of an optical
system that may be as simple as a window or spectral filter. Often, an optical system
includes lenses, mirrors, fiber optics, and other elements that alter direction of light.
In many applications, the sensor works together with a special light source whose
properties must be matched to the sensor both spectrum-wise and space-wise.
Several factors are critical in designing the optical components for an optical
sensor. Let us, for instance, take a point light source that should be detected by a
photodetector (Fig. 14.30a). In most cases, the sensor’s output signal is proportional
to the received photonic power, which, in turn, proportional to the sensor’s surface

a point
light source detector

%:%E:f:—;’,—::ji—if{—;_;i: e e *‘]:I ‘

point e
light source e,

Fig. 14.30 Efficiency of a detector depends on (a) its surface area @ and (b) the input aperture A of
the focusing system
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498 14 Light Detectors

area (input aperture). Yet, the sensing area is usually small. For example, a thermo-
pile pixel of the sensor shown in Fig. 14.21a has a sensing area 0.022 mm?, and thus
it will receive a very small portion of the photon flux emanated from the object.
Figure 14.30b shows that the use of a focusing lens can dramatically increase the
received light flux. This is because the entire lens aperture receives the flux and, like
a funnel, brings it to a small sensor. Efficiency of a single lens depends on its
refractive index n (see Chap. 4). The overall improvement in the sensitivity can be
estimated by use of (4.5) and (4.8):

kzé{l—2<u>_
a n—+1

where A and a are respective effective areas (apertures) of the lens and the sensing
area of a photodetector.

For glasses and most plastics operating in the visible- and near-infrared spectral
ranges, the equation can be simplified to

(14.31)

k~0.92—. (14.32)

Thus, the amount of light received by the sensing element is proportional to the
lens aperture area. That is why good photographic lenses have quite large apertures.
It should be pointed out that arbitrary placement of a lens may be more harmful than
helpful. That is, a lens system must be carefully planed to be effective. For instance,
many photodetectors have built-in lenses that are effective for parallel rays. If an
additional lens is introduced in front of such a detector, it will create nonparallel
rays at the input resulting in misalignment of the optical system and poor perfor-
mance. Thus, whenever additional optical devices need to be employed, detector’s
own optical properties must be considered.

14.9 Gas Flame Detectors

Detection of a gas flame is very important for security and fire prevention systems.
In many respects, it is a more sensitive way to detect fire than a smoke detector,
especially outdoors where smoke concentration may not reach a threshold level for
the alarm triggering.

To detect burning gas, it is possible to use a unique feature of the flame, a
noticeable portion of its optical spectrum is located in the ultraviolet (UV) spectral
range (Fig. 14.31). Sunlight, after passing through the atmosphere loses a large
portion of its UV spectrum located below 250 nm, while a gas flame contains UV
components down to 180 nm. This makes it possible to design a narrow-bandwidth
element for the UV spectral range that is selectively sensitive to flame and not
sensitive to the sunlight or electric lights.

Amazon EX1034 Page 46

R

14.9 Gt

Fig. 1«

Fig.
recon






