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Use Infrared: It’s Already There

Pyroelectric detectors make mid-
range infrared affordable. You use
what is already there  —  100%
natural and harmless.

You can use the invisible glow of
objects and people to detect, count,
monitor, locate, activate, conserve,
protect, or warn.  It is passive technol-
ogy.

Beyond Photodiodes

Visible light goes from 0.4 to 0.7
micrometers on the wavelength
spectrum.  Beyond that is infrared.
Photodiodes are inexpensive and
practical even to 1 micrometer.  But,
1 micrometer corresponds to the

"wavelength of maximum energy" of
a blackbody at about 2,900 Kelvin
(4,700oF) which is the temperature of
an incandescent bulb’s white-hot fila-
ment.

To use the infrared emitted from
ourselves or objects that we can
touch, wavelengths well beyond 1
micrometer and especially those
around 10 micrometers must be
detected.

Pyroelectrics Are Practical

Detection of mid-range infrared is
not new.  Thermistors and ther-
mopiles (thin-film thermocouples)
have long been available.  Although
these components are relatively inex-
pensive, the circuitry required to

make them work is not. Moreover,
both thermistors and thermopiles are
generally found wanting in terms of
s igna l st rength and speed o f
response.

Pyroelectrics are today’s practical
choice for broad-band IR detection.
Pyroelectrics offer technical ad-
vantages in signal strength, speed of
response and in minimizing intercon-
necting circuitry. And, as has hap-
pened with other components, use of
more sophisticated production techni-
ques pioneered at ELTEC INSTRU-
MENTS, INC., has increased the
availabi l ity  of l i thium tantalate
pyroelectric detectors while lowering
cost.

ELTECdata # 100

Introduction To
Infrared Pyroelectric
Detectors

ELTEC   INSTRUMENTS, INC.
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The Pyroelectric Effect:

The Material

If a material has an internal electri-
cal symmetry, it’s neutral.  If it’s un-
symmetrical — like water — it has a
permanent electric dipole.  Most un-
symmetrical materials in bulk have a
zero dipole effect because of a ran-
dom or self-cancelling arrangement.

There are some unsymmetrical
materials which maintain a net dipole
orientation even in bulk.  Heating
such a material (within limits) doesn’t
randomize the dipoles, but rotates
them in unison and thus maintains a
polarization.  Since this occurs in the
absence of an external electric field,
it is called spontaneous polarization.

Dipoles will act in unison to an
upper temperature point called the
Curie point.  Lithium tantalate is a
practical pyroelectric material be-
cause it has a Curie point of 610o C.
Also, lithium tantalate is a very
responsive synthetic crystal with an
established, long-term stability.

The Pyroelectric Effect: Simplified

The Greeks  discovered the
pyroelectric effect 23 centuries ago.
They observed that when tourmaline
was placed in hot ashes, it first at-
tracted and then repelled them
(charge generation ... attraction by
induction ... contact/reversal ... repul-

sion of like charge).  Hence "pyro", for
fire, plus electric !

Pyroelectric isn’t thermo-electric.
In a thermoelectric device, like a ther-
mocouple, a steady voltage is
produced when two junctions of dis-
similar metals are held at steady but
d if ferent  temperatures.   In  a
pyroelectric device, a change in
temperature creates a change in
polarization. "Electrical polarization"
is just another way of saying "electri-
cal charge".  The charge is collected
by electrodes on the crystal.  So the
"open circuit" Voltage  = (Q, charge) /
(C, crystal capacitance). 

In THEORY, if the crystal were
levitated in a vacuum in a perfectly
reflective Dewar, at infinite im-
pedance (and some other condi-
tions), and a thermal step function
applied, the voltage would follow the
step function.  

In REALITY, the crystal has a ther-
mal time constant, so it will quickly
thermalize to its environment (return
to ambient) after a step input.  This
releases the strain on the crystal lat-
tice and the crystal "reabsorbs" the
electrons as the lattice returns to its
neutral state.  Thus, "step function in,"
"voltage pulse out."

The nature of the pyroelectric
detector makes it both fast and useful.
Since every object is emitting infrared
light, every object is a transmitter.
And since the infrared detector
responds to infrared, it is a receiver.
An intruder entering a room is like an
invisible light being turned on; the
detector responds to the change in
infrared light, generating a useful sig-
nal.  A glass object (transparent in the
visible and near-infrared) may pass
right through a light beam undetected,
but its infrared emissions will identify
it every time.  In short, wherever
there’s a change in infrared light,
there’s a potential pyroelectric ap-
plication.

Heated tourmaline develops
electric charges
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Response of pyroelectric detector

Water is unsymmetrical

Dipoles acting in unison

Light

Crystal
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Electrodes

Pyroelectric
Detector Capacitor Generator
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The Pyroelectric Detector

A thin wafer of lithium tantalate has
electrodes deposited on both faces.
The electrodes gather the charge
which is unable to leak through be-
cause the material is such a good
dielectric (insulator).  In its simplest
form, the pyroelectric detector is both
a capacitor and a charge generator (in
response to infrared light striking a
face, being absorbed as heat, creat-
ing  change in polarization). And all
this at room temperature, without the
need for cooling or electrical biasing.

Electrical Considerations

Think of a pyroelectric detector as a
tiny flat-plate Active Capacitor.  Typi-
ca l  capaci tance is about  30
picofarads.  Insulation resistance is
5x1012 Ohms.  So, except in laser
applications, the extreme source im-
pedance makes use of the crystal by
itself impractical.  PRACTICAL
pyroelectrics contain either a JFET
source follower (Voltage Mode) or a
transimpedance amplifier (Current
Mode).

For a rough idea of the signal you
might get using a pyroelectric detec-
tor, use the following formula:

V responsivity = (current respon-
sivity)(effective impedance)

I • (R/√1+(2πfRC)2)

 for I, use 0.5 to 1 microamp per watt

for R, use either your load resistor value
or feedback resistor value

for C, use detector capacitance for Volt-
age Mode (typically 30 pF) or use
stray feedback capacitance for
Current Mode (typically 0.03 pF)

The formula is very useful to get an
approximation of voltage responsivity
at different frequencies (modulation
rates).

Both o f  these ampl i f ica tion
schemes have positive and negative
features.  The voltage mode circuit
will generally yield the best signal to
noise ratio and it can operate at a very
small supply voltage and current.
However, it does not have a large
output responsivity and output
response will be frequency depend-
ent (unless a low value RL is used).
The current mode offers a substantial

increase in output signal. It can have
a "flatter" frequency response and
that response can be set independent
of the crystal.  Unfortunately, the
noise characteristics of the operation-
al amplifier limit the signal-to-noise
ratio and the operating voltage and
current requirements are greater.

NOTE: Although the voltage (Field
Effect Transistor) or current (Op Amp)
circuits can be added externally to the
basic detector package, it is ac-
complished with the addition of stray
capacitance, susceptibility to EMI,
testing problems, expense and pos-
sibly a compromise in reliability.  To
circumvent these problems, detectors
are offered with the FET and ap-
propriate load resistor or op amp and
appropriate feedback resistor in the
detector package.

The voltage follower is basically a
FET connected as a source follower.

In this configuration, the voltage
output will be:

RV = Ri • Z eff • Ao
where RV = voltage response in V/W

Ri = current responsivity
Z eff = lumped impedance of

crystal, RL, and stray
capacitance at the input

Ao = follower gain (approx. 0.8)

The current to voltage converter
can be an operational amplifier con-
nected as shown.

In this configuration the voltage out-
put will be:

RV = Ri • ZF
where ZF = lumped impedance of

feedback loop including
RF and CS, stray feedback
loop resistance and capa-
citance

RL CS

Detector connected with source
follower

RF

CS

–

+

Detector connected with a current
to  voltage converter
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SEMICONDUCTOR-BASED PHOTODETECTORS 

 

Introduction 

 

 

Responsivity and Quantum Efficiency 

 



 

 

 

 

 

 

 

 

 

 

Indeed, not all incident photons produce electron-hole pairs because not all incident photons 
are absorbed. Some photons simply fail to be absorbed because of the probabilistic nature of 
the absorption process. Others may be reflected at the surface of the detector, thereby reducing 
the quantum efficiency further. Furthermore, some electron-hole pairs produced near the 
surface of the detector quickly recombine because of the abundance of recombination centers 
there and are therefore unable to contribute to the detector current. Finally, if the light is not 
properly focused onto the active area of the detector, some photons will be lost.  

Therefore, more precisely the quantum efficiency can be written as: 

 

 

 

 

 

 

 

 

 

 

The effects of absorption on quantum efficiency are illustrated in Fig. 17.1-1. 
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Responsivity and quantum efficiency are linked by the formula (4.170), which can be rewritten 
as 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



PHOTOCONDUCTIVE DETECTORS 

(PHOTOCONDUCTORS) 

 

 



 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The factor /ttr is generally higher than 1 (it can reach several hundreds) and is proven that it 
coincides with the gain G of the photoconductors. Therefore, the responsivity for a 
photoconductors can be written as: 

    R  = 𝐺 =  𝜂𝐺 ,  

where G = /ttr. The value for , the recombination time, will depend upon the material: the 
transit time, instead, depends on the distance between the electrodes and will increase with 
them. 

We will discuss about the gain with more details in the section related to the UV 
photoconductors. 

 

 

The latter will be extensively studied in the section dedicated to the IR detectors. 



 

 

 

 

 

 



 

 

  



Light Depending Resistor (LDR) 

 

Photoresistors are the most typical application of the phenomenon of photoconductivity. An 
electromagnetic radiation of a suitable wavelength that penetrates inside a semiconductor 
crystal can give it the energy to allow some electrons to pass from the valence band to the 
conduction band. As a result, the electrical resistance of the semiconductor decreases, thanks to 
the increased density of free electrons. This phenomenon depends on:  

- the semiconductor used;  

- the concentration of doping impurities in the semiconductor;  

- the wavelength of the incident radiation.  

This physical phenomenon is exploited to fabricate photoresistors, or Light Depending 
Resistors (LDRs). For their realization, generally, the material used is a thin film of CdS 
(cadmium sulphide) which has the maximum sensitivity in the red range. It is deposited on an 
insulating support with two metal electrodes on it. To have a high sensitivity, the LDR must be 
able to capture a large number of photons, therefore in general has a sufficiently large surface. 
However, it should be kept in mind that the electron-hole pairs created by the light radiation 
tend to recombine, bringing the electrons back into the valence band. In order to reduce the 
recombination, it is then necessary to make them travel a distance as short as possible, so that 
there is not enough time for recombination. To obtain a high photoconductive surface and at 
the same time a short path for the charge carriers, a comb-shaped metal electrode structure is 
created. This is a good trade-off for the two problems described (see Fig. 8.12a). 

 

Fig. 8.12 - LDR: a) Device picture; b) Circuit symbol 

 

The relationship between the resistance and the amount of incident radiation is as follows: 

 

where R is the resistance value generated by lighting, L is the amount of the incident radiation 
measured in lux, A and  are constant. Note that this component is also used for the realization 
of crepuscular switches (devices that allow one to turn on one or more lights when the sun goes 
down). 
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Phototransistors 

 

A phototransistor is essentially fabricated as a normal BJT. The difference is that the base region 
can be exposed to incident radiation. Therefore, as in a photodiode, the package is provided 
with a transparent lens which allows the base to be illuminated. Normally, the base is left 
floating but in some circuits it can also be connected externally. The operation of the 
phototransistor is similar to that of the photodiode, but the resulting current in this case is much 
higher than that of a photodiode, as it experiences the multiplicative effect typical of the 
transistor. In fact, by biasing the transistor so that the CB junction is inversely polarized, the 
output current flowing from the collector to the emitter (in an npn device) will be given by the 
base current ib (plus the reverse current of thermal origin due to the reverse bias of the CB 
junction) multiplied by the gain of the transistor . If we consider that ib is a photocurrent 
generated in the base region, this means that the output emitter current ie is about  times larger 
than that of a photodiode. Fig. 8.11 shows the circuit symbol of an npn phototransistor, inserted 
in a typical operating circuit. The light absorbed by the base generates an emitter current which 
flows on the load resistance RL and produces a voltage drop (Vout) on it. 

 

 

 

 

 

 

 

 

 

Fig. 8.11 - Circuit symbol of an npn phototransistor and its external connections 

 

The sensitivity of the device can be adjusted by connecting a variable resistance between base 
and mass, but usually the base is left floating to maximize light sensitivity. The trade-off for a 
better sensitivity is a slower speed. Phototransistors are more sensitive than photodiodes, but 
their response times are significantly slower, due to the time constant associated with the 
capacitance and resistance of the base region. The typical output current of a photodiode is 
some A while the saturation-interdiction switching times are of the order of some ns. In a 
phototransistor, on the other hand, the output current is a few mA but the switching times are 
of the order of s. 

 

ib 

ie 
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Fig. 17 Time to breakdown tBD vs. oxide field, for different oxide thicknesses.

 5.4  CHARGE-COUPLED DEVICES (CCD)

A schematic view of a CCD is shown5 in Fig. 18. The basic device consists of a closely spaced array of MOS 
capacitors on a continuous insulator (oxide) layer that covers the semiconductor substrate. A CCD can perform a 
wide range of electronic functions, including image sensing and signal processing. The operating principle of the 
CCD involves the charge storage and transfer actions controlled by the gate electrodes.

Figure 18a shows a CCD to which sufficiently large positive bias pulses have been applied to all the electrodes 
to produce surface depletion. A slightly higher bias has been applied to the central electrode so that the center 
MOS structure is under greater depletion and a potential well is formed there; i.e., the potential distribution is 
shaped like a well because of the larger depletion-layer width under the central electrode. If minority carriers 
(electrons) are introduced, they will be collected in the potential well. If the potential of the right-hand electrode 
is increased to exceed that of the central electrode, we obtain the potential distribution shown in Fig. 18b. In this 
case, the minority carriers will be transferred from the central electrode to the right-hand electrode. Subsequently, 
the potential on the electrodes can be readjusted so that the quiescent storage site is located at the right-hand 
electrode. By continuing this process, we can transfer the carriers successively along a linear array.

 CCD Shift Register
Figure 19 shows more details about the basic principle of charge transfer in a three-phase, n-channel CCD array. 
The electrodes are connected to the ϕ1, ϕ2, and ϕ3 clock lines. Figure 19b shows the clock waveforms and Fig. 19c 
illustrates the corresponding potential wells and charge distributions.

At t = t1, clock line ϕ1 is at a high voltage and ϕ2 and ϕ3 are at low voltages. The potential wells under ϕ1 
will be deeper than the others. We assume that there is a signal charge at the first ϕ1 electrode. At t = t2, both ϕ1 
and ϕ2 have high bias as charge starts to transfer. At t = t3, the voltage at ϕ1 is returning to the low value while ϕ2 
electrodes are still held at high voltage. The electrons stored under ϕ1 are being emptied in this period. At t = t4, the 
charge transfer is complete and the original charge packet is now stored under the first ϕ2 electrode. This process 
will be repeated and the charge packet continues to shift to the right. CCDs can be operated with two, three, 
or four phases, with different design structures. Multiple electrode structures and clocking schemes have been 
proposed and implemented.6

MOS Capacitor and MOSFET 177
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Fig. 18 Cross section of a three-phase charge-coupled device.5 (a) High voltage on ϕ
2
. (b) ϕ

3
 pulsed to a higher voltage 

for charge transfer.

Fig. 19 Illustration of CCD charge transfer. (a) Application of three-phase gate bias. (b) Clock waveforms. (c) Surface 
potential (and charge) vs. distance at different times.6

CCD Image Sensor
For analog and memory devices, the charge packets are introduced by injection from a p-n junction in the vicinity 
of the CCD. For optical imaging applications, the charge packets are formed as a result of electron-hole pair 
generation caused by incident light.  

When CCD used in imaging array systems such as a camera or video recorder, CCD image sensors must be 
spaced c1osely to one another in a chain and function as shift registers to transport the signals. The structure of 
the surface-channel CCD image sensor is similar to that of the CCD shift register, with the exception that the gates 
are semitransparent to let light pass through. Common materials for the gates are metal, polysilicon, and silicide.

178 Semiconductors
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Fig. 20 Schematic layouts showing the readout mechanisms of (a) line imager with dual output registers, and area 
imagers with (b) interline transfer and (c) frame transfer. Gray pixels represent CCDs as photodetectors. The output 
register is usually clocked at higher frequency than the internal transfer.

Alternatively, the CCD can be illuminated from the back of the substrate to avoid light absorption by the gate. 
In this configuration, the semiconductor has to be thinned so that most of the light can be absorbed within the 
depletion region at the top surface.
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Because the CCDs can also be used as a shift registers, there is great benefit to using CCDs as photodetectors 
in an imaging-array system since the signals can be brought out sequentially to a single node, without complicated 
x-y addressing to each pixel. The photogenerated carriers are integrated during light exposure, and the signal is 
stored in the form of a charge packet, to be transported and detected later. The detection mode of the integrated 
charge over a long period of time enables detection of weaker signals. In addition, the CCDs have the advantages 
of low dark current, low noise, low-voltage operation, good linearity, and good dynamic range. The structure is 
simple, compact, stable, and robust, and is compatible with MOS technology. These factors contribute to high 
yield, which makes the CCDs desirable in consumer products.

Different readout mechanisms for the line imager and the area imagers are shown in Fig. 20.4 A line imager 
with dual output registers has improved readout speed (Fig. 20a). Most common area imagers use either interline-
transfer (Fig. 20b) or frame-transfer (Fig. 20c) readout architecture. In the former case, signals are transferred 
to the neighboring pixels and are subsequently passed along to the output register chain while the light-sensitive 
pixels start to collect a charge for the next data. In the frame-transfer scheme, signals are shifted to a storage area 
away from the sensing area. The advantage of this over the interline transfer is a more efficient light-sensing area, 
but there is more image smear since CCDs continue to receive light as signal charges are passed through them. 
For both interline transfer and frame transfer, all columns advance their charge signals to the horizontal output 
register simultaneously, and the output register carries these signals out at a much higher clocking rate.

 5.5 MOSFET FUNDAMENTALS

The MOSFET has many acronyms, including IGFET (insulating-gate field-effect transistor), MISFET 
(metal-insulator-semiconductor field-effect transistor) and MOST (metal-oxide-semiconductor transistor). A 
perspective view of an n-channel MOSFET is shown in Fig. 21. It is a four-terminal device consisting of a p-type 
semiconductor substrate in which two n+ regions, the source and drain, are formed. The metal plate on the oxide is 
called the gate. Heavily doped polysilicon or a combination of a silicide such as WSi2 and polysilicon can be used 
as the gate electrode. The fourth terminal is an ohmic contact to the substrate. The basic device parameters are 
the channel length L, which is the distance between the two metallurgical n+-p junctions, the channel width Z, the 
oxide thickness d, the junction depth rj, and the substrate doping NA.§ Note that the central section of the device 
corresponds to the MOS capacitor discussed in Section 5.1.

The first MOSFET was fabricated in 1960 using a thermally oxidized silicon substrate.7 The device had a 
channel length of 20 μm and a gate oxide thickness of 100 nm.* Although present-day MOSFETs have been 
scaled down considerably, the silicon and thermally grown silicon dioxide used in the first MOSFET remains the 
most important combination.8 Most of the results in this section are obtained from the Si-SiO2 system.

§For p-channel MOSFETs, doping types in substrate and source/drain regions become n and p+, respectively. 

* A photograph of the first MOSFET is shown in Fig. 4 of Chapter 0.
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